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ABSTRACT
The design of a production system can be complicated and convoluted without a
guideline to follow. The interrelationships between different design aspects affect
the system design as a whole. Without a methodology for production system
design, the system may not perform as designers anticipate. It is essential to
determine the fundamental components of a production system and explore the
relationships between these elements; otherwise, the system design may not
fulfill its objectives. The decomposition framework enables the design of the
system, as well as its deployment. This framework also enables system
designers to regard elements of design at a single glance and predict the
outcome of system changes, which is particularly valuable in existing production
systems.
The decomposition framework consists of the decomposition tree, the PSD
design matrix, the PSD evaluation tool, system flowchart of implementation, and
FR/DP examples. The methodology supporting the decomposition is axiomatic
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design. System requirements are determined and translated into a set of
function requirements (FR's). Corresponding design parameters (DP's) specify
the manner in which these requirements are fulfilled. The relationships and
dependencies of these FR's and DP's are expressed in a heirarchy of design
matrices. These matrices can be combined into an aggregate matrix, the PSD
design matrix. This information can be translated into a flowchart depicting order
of implementation of design parameters. The evaluation tool assists in
evaluating design and operation, identifying shortcomings of both new and
existing designs. Examples provide designers with a source of ideas for their
own systems. These tools are the basis of the production system design
framework.
Thesis Supervisor: David S. Cochran
Title: Assistant Professor of Mechanical Engineering
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Chapter 1 Introduction
Section 1.1 Background
The complexity of the design and deployment of production systems requires a
full understanding of system elements and the relationships between them. The
production system must be able to satisfy its customers while maintaining a
satisfactory profit level. Today's market demands high quality products with little
lead time. Product lifecycles are becoming increasingly shorter and volumes can
fluctuate dramatically. Competitive companies must cut costs and provide better
service than their competitors. In order to satisfy these requirements, the design
of the production system must be responsive to these attributes. Designers must
change their development techniques from a nonstructured system to a highly
organized system.
Many designers hear buzz words and try to implement them into the system, but
without the full knowledge of how these concepts work. This action can lead to
disastrous results. Tolstoy writes in What is Art?, "As happens with everything,
the more vague and confused the concept conveyed by a word, the greater is the
aplomb and assurance with which people use the word, pretending that what is
understood by this word is so simple and clear that it is not even worth talking
about what it actually means." This comment can be translated from any field-
from literature to engineering. Concepts like JIT and kanban can decimate a
system if not used properly.
The interrelations between design objectives must be considered throughout the
design process. Many aspects of production are tied together. For example, if
manual work is being eliminated by automation, there will be a subsequent
increase in the direct labor to maintain and program these machines. Another
example is that a reliable information system is a prerequisite to reliable worker
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output. If the workers do not know the part types and the quantities that they are
supposed to produce, they will not be able to satisfy the requirements.
Applying a solution for one manufacturing system to another will fail unless both
systems are fully understood since each has its own system requirements. The
functional requirements of one system may not be the same as those of another.
The objectives of each system must be clearly understood; all customers,
internal and external, must be satisfied to maintain a competitive system. The
deployment of a design must be organized and carefully planned. The
Decomposition Framework provides a methodology for the design and
deployment of production systems.
Section 1.2 Benefits of Decomposition Framework
The decomposition framework draws upon the structure of axiomatic design and
the roots of the Toyota Production System to provide a means for systematically
designed production systems. Axiomatic design provides a methodical approach
to design, while the Toyota Production System employs creative solutions to
production problems, such as jidoka and Just In Time production (JIT).
The decomposition framework also provides a methodology for the deployment
of the production system. Processes, workers, transportation devices, and
inventory must be considered in the proper sequence to eliminate system
redesign due to design conflicts. The entire system must be considered as a
whole instead of a group of independent entities; otherwise, production resources
could interfere. An example of this concept applies to the flow of parts through
the system. If one machine produces at a greater rate than others, the machine
may be either be starved for parts (if a slower machine precedes it) or
overproduce an excess of work-in-process inventory (if it has sufficient resources
available to constantly produce). The capacity of the system should match the
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capacity of the individual processes. Thus, the capacity must be decided prior
the selection of processes. The system design flowchart illustrates the order that
the DP's must be fulfilled. Deployment steps provide a basis to implementing
new designs. The entire framework consists of the decomposition, design
matrix, system design flow chart, diagnostic, and examples relating to the
decomposition.
This framework has many benefits associated with employing it. This
methodology can be used for design, deployment, and diagnosis of the system.
All attributes of the manufacturing system and their interrelations can be
explained. Design tasks can be separated because the dependencies of these
tasks are known. The framework is suitable for any industry and any product
because it concentrates on the elemental characteristics of production systems.
Areas for system improvement can be easily pinpointed using the components of
this framework, specifically the design evaluation tool. Machines can be
designed with the entire system in mind, not just the operation itself, by
identifying attributes of equipment that require a system's focus. The framework
can adjust to the changing needs of the organization due to internal and external
influences; the company must be more robust to changes in the marketplace as
well as changes within the production system itself.
Section 1.3 Outline of Thesis
This thesis consists of five main sections. The first section, Chapters 3 through 9
discusses the production system decomposition. It details the development of
each pairing of functional requirements and design parameters. Each
relationship is discussed as well as the dependence between these relationships.
The next section, Chapter 10, concerns the development of the PSD matrix. An
aggregate matrix has been developed to show the interrelation of every
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functional requirement and design parameter. This tool proves that the
decomposition can generate good designs as determined by the concepts of
Axiomatic Design.
Following this section is Chapter 11- the system design flowchart. This tool
shows the proper sequence of implementing design parameters. It is effective
for planning the deployment of a system.
Chapter 12 discusses the section on the design evaluation tool. The
effectiveness of a production sysand its ability to satisfy the goals of the
functional requirements can be ascertained using this simple chart. Records of
the results of improvements can be maintained. Areas that require attention are
easily identified.
The last section, Chapters 13 and 14, provides examples of using the framework
and proposes future work. Supplementary examples provide insight to the
effectiveness of the framework. Individual case studies can be used to illustrate
the concepts behind the decomposition framework. Discussion of future projects
is included in Chapter 14.
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Chapter 2 The Design Decomposition
Framework
Section 2.1 Introduction
Production systems are highly complex entities of many interdependent
relationships of customer requirements, functional requirements, design
parameters, and process variables. The design of these systems requires
knowledge of the requirements and the constraints of the system such as
expected production volume and customer lead time. Yet, all of production
systems have common design elements. The design decomposition framework
identifies these similarities and illustrates a method of structuring the system.
This framework identifies design objectives and determines the order of the
design sequence. This framework illustrates the relationships between high and
low level objectives of general designs. The framework is equipped with tools to
guide the deployment of the design. There is also a device for assessing the
level of success that the design meets the functional requirements.
The framework is grounded in Axiomatic Design, which is the basis for
manufacturing system design and implementation-path dependency [Suh,
Cochran, Lima, 1998]. The goals of the design are clearly identified as well as
the method by which they will be satisfied. The framework enables the
communication of these elements to everyone in the design stage. A common
methodology fosters a better environment for designers; there is a singular set of
consistent practices in the design. Haphazard designs are avoided in this
structured manner, as well as confusion about what is demanded of each
designer. Concurrent design is feasible because of the separation and
sequencing of tasks.
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The framework consists of the following five elements: the Production System
Design (PSD) Decomposition, the PSD Matrix, the PSD Flowchart and
Deployment Steps for Implementation, the PSD Evaluation Tool, and the PSD
FR/DP Examples. These components are shown in Figure 2-1.
Figure 2-1: The Production System Design and Deployment Framework
Design
Design Decomp
Deployment
Design and Deployment Framework
Design Evaluation
H:1 Tool
osition Design Matrix
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Deployment Steps
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The design process consists of four distinct aspects: problem definition, creative
process, analytical process, and ultimate check. [Suh, 1990, p. 6] It is essential
to know what is ultimately expected of the product/process; therefore, a
comprehensive problem definition is necessary to ensure that all aspects of the
problem are addressed. The creative process involves the brainstorming of new
ideas and the reuse of old designs (previously thought to be applicable or not) to
solve the problems posed. The analytical process assesses the criteria of the
design; specifically, whether or not the design in question is feasible and optimal
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Section 2.2 Axiomatic Design
from the set of proposed designs. A final check is always needed to verify the
design's capability of satisfying its goals. Oftentimes, this four-part process is
recursive; it may require several repetitions through the four steps to reach a final
design.
Axiomatic design is a methodology that provides structure to the design process,
ensuring that the end result manifests in a complete realization of the design
objectives. Its rigorous form eliminates designs based on pure hunches that can
yield to solutions that are ill-fitting, incomplete, or excessive. Suh considers the
fundamental goal of Axiomatic Design to be the creation of a science base of
design and a theoretical foundation based on systematic thought processes.
[Suh, 1998]
Design is comprised of four domains: customer domain, functional domain,
physical domain, and process domain [Suh, 1998, p. 15]. These are illustrated in
Figure 2-2 below. The customer requirements such as functionality, facilitated
repairability, etc. are specified in the customer domain or attributes (CA's).
Constraints for the design are set by the customer at the onset for items such as
investment and unit cost. The customer prerequisites form the functional
requirements (FR's). The FR's answer the question, "What should this design
achieve?" The physical domain is comprised of design parameters (DP's) that
specify the manner in which the FR's will be fulfilled. These DP's answer the
question, "How will this be done?" The details of the processing, including
resources, are delineated in the process domain with process variables (PV's).
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Figure 2-2: The Domains of the Design and Their Interrelations
{CA})F}{P {V}
Mapping Mapping Mapping
Customer Functional Physical Process
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Axiomatic design has two central axioms [Suh, 1990, p. 47-48]:
Axiom 1 The Independence Axiom
Maintain the independence of FR's.
Alternate Statement 1: An optimal design always maintains
the independence of FR's.
Alternate Statement 2: In an acceptable design, the specific
DP can be adjusted to satisfy its corresponding FR without
affection other functional requirements.
Axiom 2 The Information Axiom
Minimize the information content of the design.
Alternate Statement: The best design is a functionally
uncoupled design that has the minimum information content.
The first axiom states that the satisfying of one FR should not impact the
feasibility of another FR; this is the idea of independence. If one FR infringes
upon another, one or both of the FR's should be reformulated to eliminate the
dependency. The second axiom stipulates the design should be as decoupled
as possible to increase the possibility of the success of the design.
One important point to stress is that the Independence Axiom is associated with
functional independence, not physical independence. By considering the
implications of the two axioms, it can be inferred that a multi-functioned part
would minimize information content provided that independence of functions
would be maintained. "Integration of more than one function in a single part, as
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long as the functions remain independent, should reduce complexity." [Suh,
1990, p. 50] This fulfills Corollary 3 of the Axiomatic Design Theory: integrate
design features in a single physical part if FR's can be independently satisfied in
the proposed solution [Suh, 1990].
Developing a design decomposition requires a mapping between FR's and DP's.
The highest level FR is established and a corresponding DP is chosen. There is
not one unique DP for any FR which implies that there can be more than one
feasible method of satisfying the FR. If the DP chosen needs more information in
order to be fulfilled, it can be decomposed into two or more FR's. This iterative
process repeats until there is sufficient information for the design to be deployed.
Figure 2-3 illustrates the design decomposition.
Figure 2-3: Zig-Zagging Technique of Decomposition
The order of the sub-FR's is determined by the Design Matrix (DM) for that level.
The DM shows the dependence of the DP's to the FR's. It is written in the form
{FR}= [DM]{DP}. If there is a FR/DP dependent relationship, a one (1) is placed
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in the matrix to represent it. If the FR/DP pair are independent, then a zero (0) is
placed in the matrix. The diagonal elements of the matrix should be one's (1's).
If a specific relationship between the FR and DP is known, it can replace the one
(1) in the matrix. The completed matrix shows the state of the design-
uncoupled, decoupled or coupled.
An uncoupled design is one whose design matrix has all elements equal to zero
except the diagonal elements. This design is considered to be the best design
solution when possible because of the complete independence of the FR/DP
pairs. The order of implementation of the DP's is evident; since there is no inter-
relationship between the pairs, each DP can be performed concurrently.
A decoupled design has a matrix that is either upper or lower triangular. This
design is considered to be an acceptable design solution; however, it is path
dependent. This means that the order of implementation of the DP's is
established by the design relationships. The DP's that affects the most FR's
should be performed first and fashion starting with the first (DP1) and ending
with the last (DPn) where n is the total number of DP's.
A coupled design matrix is comprised of many non-zero elements. This design is
an unacceptable type of design and must not be implemented. In a coupled
design, the adjustment of one DP could impair the satisfying of another FR. If
this design could ever be successful, it would be highly iterative and unstable if
the DP's were altered by variance in the system. Some coupled designs can be
resolved into decoupled designs by changing the order of the FR/DP's if the
resulting matrix would be lower triangular. By reformulating the DP's, sometimes
the dependence will be eliminated and the overall design can be acceptable.
Most often, a coupled design is not desirable and must be redesigned.
20
The Production System Decomposition
The decomposition spans six levels, starting with the highest level functional
requirements and ending with the lowest. Using axiomatic design, the DP's are
selected to satisfy the FR's. The first three levels of the decomposition are
considered to be the high level objectives. At the fourth level, the tree splits into
six main branches: quality; identifying and resolving problems; predictable output;
delay reduction; direct labor; and indirect labor. A compressed version of the
decomposition is shown in Figure 2-4; a larger version of it is in Appendix A.
Chapters 3 through 9 detail this decomposition.
Figure 2-4: The Production System Decomposition
Section 2.4 The PSD Matrix
The purpose of the design matrix is to illustrate the dependent relationships of
the FR's and DP's across the many levels of the decomposition. The matrix
shown relates all FR's and DP's through level four. The resulting matrix is
decoupled with path dependencies. The PSD matrix proves that the design is a
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Section 2.3
decoupled design as prescribed in the rules of axiomatic design. A larger matrix
with all levels represented could be developed, but it would be more specific.
The PSD matrix represents the generic decomposition. A smaller version of the
matrix is shown in the figure below and a larger version of it is in Appendix B.
Figure 2-5: The PSD Matrix
-I .
K -X
x xx x
e 4 xx
xx xxxx
x j~ x x x
Section 2.5 The Design Evaluation Tool
The design evaluation tool provides the means of assessing the success of a
design. This tool is valuable for evaluating new designs and providing a road
map for the improvement of existing manufacturing systems. Each DP is scaled
relative to the achievement of an FR. A small version of this chart is shown
below and a larger one is found in Appendix D.
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Figure 2-6: Design Evaluation Tool [Cochran, Wang, 1999]
PSD Evaluation Tool v5.0
D.S. Cochran, A. Wang
Copyright MIT 1999 All rights reserved
Section 2.6 The System Design Flowchart and Deployment Steps
The system design flowchart, as depicted in Figure 2-7, shows the order of
implementation of the DP's based on the fact that the PSD design is represented
by a decoupled, and therefore, path dependent design. Activities that can be
performed concurrently are easily identifiable as are those that must be
performed sequentially. All of the DP's are shown in the flowchart; therefore, a
team of designers can divide the development tasks. Redundant work as well
as rework due to conflicting designs of the system is avoided . A larger scale
version of this flowchart is in Appendix C.
The deployment steps for implementation convey the basic path to a lean
production system. These seven steps as well as the flowchart are discussed in
Chapter 11.
23
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Figure 2-7: The System Design Flowchart [Cochran et al, 1999]
Section 2.7 Examples
Having a knowledge base of examples assists designers in finding creative ways
to solve their problems. Examples from across industries as seemingly diverse
as automotive and aircraft illustrate the universal applications of this framework.
Examples are scattered throughout discussion of various aspects of the
framework, as well as in Chapter 13.
Section 2.8 The Usefulness of the Framework
There are many benefits of using the PSD framework. Elements of the
production system and the relationships between them can be understood more
fully. The framework can be applied to a multitude of production system types
and different industries. This framework advocates lean thinking but does not
prescribe a singular method to production; it is sensitive to both product and
process. The framework is flexible to changes in the market; the DP's can adjust
to a revised set of FR's. Because the interdependent relations have been
established, the effect on the system of changing any DP can ascertained
immediately. The evaluation tool enables an assessment of total system
performance, instead of just segments of it. This tool can be used to assess the
performance of both greenfield and brownfield production systems. Machine
design, and other requirements, are linked to the system design [Cochran, 1999].
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The previous version of the framework does not attain the level of detail that this
version has. Version 4-2 [Cochran et al., 1998] was more qualitative; it lacks
version 5's [Cochran et al, 1999] more quantitative approach to system design.
The high level FR/DP's have been changed in the new version. For example, the
previous chart's top level DP is a Lean Production System. This DP was
determined not to embrace the ideal that this chart be relevant to any type of
production. Also, it was found that these high level FR/DP's did not capture the
long range aspects of the production system. The investment branch has been
eliminated because of the chart's universal applicability to any type of production.
The investment structure for production depends on the product being produced,
the reliability of its market, and the lifecycle of the production system itself.
There is more of a distinction between the effects of design issues on mean
throughput time and throughput time variance in the new format. The new
version stresses the differences between the types of delay in the system;
whereas, the older version talked about them with relation to mix and balance
issues. Even though both methods are valid, having the decomposition in terms
of delays can be more pertinent on the shop floor level.
The format of the new version combines the FR decomposition with the DP
decomposition into one flowchart. This technique faciliates the use of the chart;
the reader does not have to zig-zag between the two flow charts because all of
the information is contained in one chart. The notation of the chart has also been
changed; the location of a FR/DP pair can easily be identified by its suffix. For
example, FR-Q12 is in the second level of the quality branch. FR's and DP's that
refer to balancing are denoted with a B within a square. FR's and DP's that
designate leveling are denoted similarly with a L within a square. The "i" refers to
additional information for the complete understanding of the DP's.
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Different Types of Production
As previously mentioned, the PSD framework is proposed to represent the
system design relationships necessary for discrete-part production of any part
type. It is proposed that the framework also applies to discrete part products
independent of volume [Cochran, 1999]. Job shop, departmental, transfer lines,
and linked-cell production are among these types. The framework advocates
lean production principles that stray from traditional mass production
approaches. Production should be streamlined with all waste eliminated.
Operational and investment costs should be at a minimum with the highest
possible quality. This make-to-order production stresses flexibility in volume and
product mix, as well as the responsiveness and on-time delivery to the customer.
The performance of the system is valued over the performance of a single area.
Figure 2-8 illustrates a schematic of the lean, linked-cell manufacturing system.
Figure 2-8: Schematic of a Lean Manufacturing System [Cochran, 1998]
Plant
Manufacturing Cell Assembly Cell
Supplier ] 2 Customer
A typical mass production system produces in batches, according to a demand
forecast. This make-to-schedule system has low levels of flexibility in product
mix and volume. It is associated with high levels of inventory- both finished
goods and work-in-process (WIP). Typically, mass production has a functional
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Section 2.9
layout with categories of machines grouped together. Machine productivity is
stressed over individual worker productivity. High-speed, monolith machines are
prevalent, turning out parts faster than are required by the downstream customer.
Traceability of errors is difficult and defect rates are usually high. Workers are
bound to machines, generally performing repetitive tasks. Optimization of
departments without regard to the impact it has on the system is common.
Figure 2-9: Example of a Mass Production System [Cochran, 1998]
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Section 2.10 Kaizen (Continuous Improvement)
After setting up a production system, it is arrogant to think that the first way is the
best way. Since the market fluctuates, the production system cannot remain
stagnate. To remain competitive, it is essential to always to strive for
improvement. With experience comes knowledge; as time progresses, workers
can provide insight to improvements in the system. These insights lead to
changes, which enable the system to become more productive, more humane,
and more predictable. Quality, throughput time mean and variance, and waste in
both direct and indirect labor can be improved by incremental changes in the
system. It is critical to value everyone's opinion and implement improvements as
they arise.
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When changes are made, they can affect more than one activity. For example,
reducing the worker's manual cycle time of a particular operation might cause
overproduction. Because the decomposition identifies this potential problem, it
can be averted. The worker can be reallocated to another task where he can
create value.
Kaizen has been cited to improve systems radically over time. In one case,
kaizen activities led to a productivity improvement of over 990 percent [Womack,
Jones, 1996]. Even though the figure sounds sensational, similar figures have
been reported elsewhere. Truly, it is amazing what these continuous
improvements can do.
Kaizen can affect every activity in the production system. Figure 2-10 below
illustrates the many aspects that kaizen embraces. Quality circles can capitalize
on several workers' knowledge and talents and can facilitate brainstorming for
improvements.
Figure 2-10: The Kaizen Umbrella [Imai, 1986, p. 4]
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Chapter 3 High Level DP's (Level 1, Level
2, Level 3)
Section 3.1 Introduction
The top level FR/DP's are the roots of an expansive decomposition tree. They
form the basis for the design of the entire system. They are relatively
generalized because the decomposition is applicable to all production systems.
This chapter discusses at length these FR/DP relationships and the matrices that
make the implementation order path dependent. These upper level FR/DP's are
shown in Appendix A.
Section 3.2 Decomposition of Level One
The decomposition starts with definition of the customer domain. The
stakeholders (stockholders, customers, community, employees, and suppliers)
have primary objectives that must be satisfied. The stockholders want a
prescribed profit margin to be met and a particular value for their return on
investment. The customer requires a useful product at a reasonable price with
predictable delivery and quality, as well as sufficient capacity to accommodate
flexibility in desired order volume and product variety. The community wants a
responsible corporation that considers its effects on people and the environment.
Employees want a workplace that values their contributions. Suppliers need
sufficient communication with the management to prepare for the
accommodation of the orders. These issues are considered to be the primary
considerations in the customer domain and are shown in Figure 3-1.
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Figure 3-1: Stakeholders of a Manufacturing System [Cochran, Lima, 1998]
The next step is the formulation of the central FR, the main goal that is to be
achieved. The main objective of a business is to realize its self-prescribed
investment goals. This translates into the functional domain as FR1, maximize
long-term return on investment. The other previously mentioned customer
attributes are also critically important, but if the corporation cannot survive in the
market, it cannot satisfy any of these requirements.
To determine the corresponding DP, we must ask, "How do we want to achieve
this FR?" The intent of this decomposition is to have a manufacturing system
that maximizes the long-term return on investment. A manufacturing system
consists of the equipment, materials, and people required to perform value-
added actions to raw materials and component parts, and is characterized by
quantitative parameters such as throughput time, percent on-time delivery, and
percent defective finished goods [Black, 1991]. The production system is the
structure that supports the manufacturing system, including operations such as
marketing and engineering. The relationship between the manufacturing and
production systems is illustrated in Figure 3-2. In some ways, it would be more
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apropos to consider the design parameter to be the production system design;
however, the scope of this decomposition does not cover certain aspects like
marketing and other support functions. This decomposition centers upon
activities on the shop floor and the information system required. The DP1,
manufacturing system design, emphasizes that the structure of the system
should not be left to chance or to evolve based on accounting measures.
"[Firms'] strategies must be clearly focused and their operations tightly organized.
Anything less is tantamount to a concession of defeat." [Hopp, Spearman, 1996,
p. 15] The relationship between FR1 and DP1 is shown in Figure 3-3.
Figure 3-2: Manufacturing and Production Systems [Cochran, Lima, 1998]
Figure 3-3: FR/DP 1
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It is important to note that there are many other available DP's that satisfy our
main FR; it is conceivable to choose DP's that achieve FR1 in other ways, such
as investing in the stock market or in other industries. Choosing a manufacturing
system is the choice of the corporate management. The manufacturing system
chosen might be not have the highest Return on Investment (ROI) in the
traditional sense, but when part of a corporate strategy such as capturing market
share, it could be the most beneficial. Other business strategies that employ
production systems that do not yield the highest profits are related to the
replacement part sales market. Base product production might not result in large
profits; however, the spare part market may be highly lucrative. Examples of
these industries include razors and jet engines.
Yasuhiro Monden (1994) has developed a four-step method of evaluating
manufacturing system proposals. The first step is the development of a long-
term general profit plan which has capital expenditures broken down annually.
Guidelines are developed for investments of each product line. In the second
step, the product conceptualization step, target costing is performed by
establishing a sales price, volume of products, and level of plant investment
capital. Step three is the establishment of a detailed plant investment plan. The
last step is production setup which consists of all the prototyping, setup of
equipment, and supplier selection. Although his method is sound, it does not
necessarily ensure that all of the guidelines are met. Instead of asking, "What do
we want?" and "What do we need?" it centers more on "What can we afford?"
Thus, the approach does not promote the same level of creative thinking that
finds ways of making the fantastic affordable.
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Figure 3-4: Alternate Methods of Evaluating Proposals
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Section 3.3 Decomposition of Level Two
The first step forming Level Two is decomposing DP1, manufacturing system
design, into sub-FR's. These FR's are as follows: FR1 1: Maximize sales
revenue; FR12: Minimize production costs; and FR13: Minimize investment over
production system lifecycle. DP's are chosen for each of these FR's and these
relationships are illustrated in Figure 3-5.
Figure 3-5: Top level decomposition
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The three FR's chosen are associated with maximizing the cost-effectiveness of
the system design. The system will satisfy DP1 with respect to FR1 by
maximizing the profits of the system by increasing sales and decreasing costs.
Again, this is dependent on the corporate strategy. For example, if the
manufacturing system is designed for products that have short lives with similar
subsequent generations, flexibility, which might incur higher investment costs,
would be a priority. The value of flexibility could over-shadow slightly higher
production costs. It is paramount to always keep the contents of the customer
domain in mind when selecting a system.
The decomposition of FR1 1 results in DP1 1: Production to maximize customer
satisfaction. Increasing sales revenue can be achieved in many ways including
increasing sales price, increasing market share, and producing multi-function
parts. The selected DP focuses on fulfilling the customer's criterion for a product.
By successfully implementing the Customer Domain into the design of the
system, satisfaction will be maximized. This result stresses the importance of a
thorough assessment of the customer wants. "The utility of an object, like its
value, inheres not in the object itself but the regard a person has for it."
[Thuesen, Fabrycky, 1993] If customers are not satisfied, there will be no return
business and negative word-of-mouth could eliminate new clientele.
Decomposing FR12 leads to DP12: Elimination of non-value added sources of
cost. Over-design has to be eliminated; product design must void superfluous
product features that do not add value to the customer and drive up the
production cost. To make operations as profitable as possible, it is necessary to
strip away all forms of waste, such as waste from overproduction, waiting,
excessive transportation, unnecessary processing, inventory, wasted motion, and
defects. [Shingo, 1989] Figure 3-6 shows the relationship between waste and
value. Costs associated with administrative operations must also be minimized
since they add no value to the system itself.
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Figure 3-6: The Relationship Between Waste and Value [Cochran, Weideman, 1998]
The decomposition of FR13: Minimize investment over production system
lifecycle results in DP13: Investment based on a long-term system strategy.
When designing a new production system, investment decisions are made after
many of the system decisions have been resolved. This is not always practiced
because of long lead times associated with equipment purchase. It is important
to identify the factors that affect the investment decisions and fully contemplate
them before committing to the purchase of system components. Also critical is
the definition of value in the accounting department. The least expensive option
might not be the best; it could lack valuable flexibility and growth potential. The
"real" system value of all proposals should be ascertained.
"Investment based on a long term strategy" refers to the need to consider the
cost over the life of the production system instead of just the initial cost. Life
cycle cost is all recurring and nonrecurring costs that are encountered during the
life cycle [Thuesen, Fabrycky, 1993, p. 28]. Depreciation of the system should
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be examined as well as reusability of equipment. "Make or buy" strategies, as
well as product lifetimes, should be weighed at this level.
The implementation of this DP is highly dependent on the corporate strategy.
For example, a product can be introduced into a manufacturing system with a
short product-life before the next generation is released. The initial investment
for the first product might not produce a profit, but the subsequent version of the
part might have a large profit margin, due to a large established market and the
reusability of the machines. In many cases, the cost associated with adding
simple features to a previously designed product is lower than the cost of the
initial design due to the learning factor. The sunk cost of the first generation is
irretrievable; therefore, it is best to make the system as flexible as possible.
Due to fluctuations in the market, many corporate policies value flexibility.
Flexibility ensures that the customer domain, a dynamic entity, is satisfied. There
are four types of flexibility: ability to accommodate short-term volume changes;
the flexibility of product variety; accommodation of capacity increments at the
lowest possible cost; and adaptability for future products.
One method that embraces the flexibility philosophy is the cellular manufacturing
system. Cells can be operated at different takt times to enable short-term
volume fluctuation. Figure 3-7 illustrates the ability of cells to meet volume
fluctuation. They are composed of nonspecific, right-sized, easily rearrangeable
machinery that can be utilized in the production of new products. These
machines can be reconfigured easily to increase product variety. Cells can be
added or subtracted to accommodate the need for capacity increments.
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Figure 3-7: Example of Cell Design to Meet Volume Fluctuation in Throughput Time [Cochran, Lima, 1998]
One loop... CT= I 7 seconds
Other corporate strategies do not embrace the idea of flexibility. In certain cases,
a high volume process with few product changes over a long product lifecycle
would not need to invest in a production system with flexibility. This situation is a
risk that they are willing to incur because they are extremely confident that the
market will remain stable and that they will not need to update their products.
Each business strategy must determine its key factor, then design the systems
accordingly.
One guideline that is true regardless of design strategy is to avoid complicated
systems that incur large costs, if possible. It is better to rearrange machines and
change operating procedures than to develop highly specialized machinery to
perform the difficult tasks. Whenever considering automation, the manual
operations should be optimized first and if those improvements are not
substantial enough, then automation can be considered. The development of
mechanization is facilitated by making the processing as ergonomically sound as
possible. "If it is waste, do not automate it; if it is automation, do not waste it, "is
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the correct approach to automation. Suzaki (1987) advocates the creative use of
automation; if it is used in the same manner as the competition, there is no gain
in capacity. Small improvements like automatic loading can yield large returns.
Another guideline is to carefully research the market forecast for the products to
be manufactured and plan for capacity requirements accordingly. With the
volatile nature of today's market, it is essential to be responsive to market drivers.
Capacity can vary seasonally and with time as the product's life increases. The
system should have the flexibility to increase its capacity incrementally at the
lowest cost. When considering a manufacturing system, it is important to see
where its successful operation limits are and if necessary, to have a backup plan
when the forecast does not match the actual demand.
Because of the many different investment strategies possible, it is not possible to
further decompose DP13 simply. The set of possible investment strategies does
not have common key characteristics that could be examined through
decomposition. If a more specific strategy were to be presented, decomposition
could proceed, but then the capability to be applicable to all strategies would be
jeopardized.
The design matrix at level two is shown in Equation 3-1. This decoupled matrix
is path dependent; the order of implementation is DP1 1, DP1 2, and DP1 3. The
dependence stems from the interdependence of the DP's. DP1 1: Production to
maximize customer satisfaction affects all of the FR's because it is related to the
production costs and the investment costs. Figure 3-8 shows a relations diagram
that illustrates the association of manufacturing techniques and waste
elimination. DP12: Elimination of non-value adding sources of cost is related to
investment strategies that add cost to compensate for future (uncertain) capacity
requirements; therefore, there is an X in the A32 position.
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Equation 3-1 IFR11rXFR12= X
FR13 LX
Figure 3-8: Techniques and Their Relationship Towards Eliminating Waste [Suzaki, 1993, p.
379]
Section 3.4 Decomposing to Level Three
The third level of the decomposition formulates the roots for the branches of the
tree: quality, identifying and resolving problems, predictable output, delay
reduction, direct labor, and indirect labor. These FR/DP relationships shape the
focus of the rest of the tree; production philosophies are shaped here.
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Section 3.4.1 Decomposition of FR/DP1 1
One of the DP's being decomposed from level two is DP1 1: Production to
maximize customer satisfaction. Customer expectations include defect-free
products (FR111), on time products (FR112), and responsive lead times
(FRI 13). These criteria are the external quality of a product, an assessment
based on customer opinion rather than the manufacturing definition of quality.
This external quality must be translated into internal quality to insure that the
items in the customer domain are fulfilled. These FR's are shown in Figure 3-9.
All of these FR's are associated with aspects of quality and time.
Figure 3-9: Decomposition of FR/DPi 1
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FR1 11: Deliver no defects implies that defects might be produced, but they will
not be shipped to the customer. Thus, the system can either make perfect
quality parts all the time or have quality checks throughout the system to catch
the defective parts. Repair loops should not be allowed in the system; they take
up floorspace and convey the philosophy that production of defects is to be
expected.
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There are two types of inspections: vertical and horizontal. Vertical source
inspections attempt to regulate upstream processes when they are the root of the
defect. Horizontal source inspection is the detection of defect sources within the
process at hand. The lean technique of manufacturing advocates the elimination
of waste; therefore, the lean system should attempt to attain Zero Defects. The
slogan of the shop floor should be "make one, check one, pass one."
An acceptable quality level is a commitment before we start the job that we
will produce imperfect material" [Crosby, 1980, p. 146] By performing one-
hundred percent inspection of the finished goods at a final inspection point, we
are escalating costs by having dedicated quality personnel, reducing the
accountability of the worker for his errors, and increasing the risk of defects
passing into the hands of the customer since there is only a minimal number of
personnel checking the quality levels. As time interval from the commission of
defect occurs, the cost associated with it increased as shown in Figure 3-10. In-
line inspections, self-inspection and successive inspection, can be implemented;
however, they have their limitations. Self-inspection can be maleffected by
operator judgement and pride. Successive checks are dependent upon the
alertness of the workers, willingness to identify errors (potentially damaging
operator relationships in the line), or interpretation of standards. Detecting
defects should not be solely an operator task; the system should prevent these
defects. Thus, measures should be implemented at the onset that enable Zero
Defects and erase the mentality that defects are to be expected. The way this is
accomplished is by DP-1 11: Defect-free production processes.
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Figure 3-10: Identifying Defects at the Source Lowers Costs [Suzaki, 1987, p 99]
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Customers value on-time delivery now more than ever. With many companies
employing Just in Time (JIT) techniques to their production, it is essential to
maintain deliveries according to the customer's schedule. The order should not
be accepted if the delivery due date is unreasonable because the customer will
not be satisfied. Therefore, it is essential to fulfill FR1 12: Deliver products on
time in order to be competitive. The foremost reason that delivery dates are
missed is variation in throughput time. Throughput time is the duration between
receipt of order and shipment of finished goods. If the system were completely
predictable, the delivery date would always be known and achievable. Changes
in the amount of variation in the system can result in the shifting of the mean
throughput time. This relationship is shown in Figure 3-11. The selected DP:
Throughput time variation reduction targets the effect of variation on the system.
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Figure 3-11: The Relationship between Variation and Mean of Throughput Time
ilX2 X3
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As the variance in throughput time changes, so does the mean.
Customer Lead Time is defined as the time interval between the placement of the
order and receipt of finished goods. FR1 13: Meet customer expected lead time
requires that the production system be responsive to the needs of the customer.
Today's customer is reducing the inventory in his own system; he needs a
supplier that can meet his order requirements, even if there is not much notice.
Therefore, meeting delivery deadlines is not sufficient; lead times must be
minimized to satisfy even the shortest-notice orders.
In order to meet the customer expected lead time, DP1 13, mean throughput time
reduction, is chosen. It ensures that the average time in which the customer
receives his shipment occurs on-time or within the acceptable on-time window.
First, it is essential to minimize the administrative lead time. This is not in the
scope of this decomposition, but it is important not to neglect this important step.
There are two central methods to reduce the production system lead time,
illustrated in Figure 3-12.
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Figure 3-12: Reduction of Throughput Time
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Customer expected lead time can be met by either:
- Decreasing manufacturing response time by adding
finished goods inventory
- Decreasing manufacturing throughput time
and make-to-order
One of these options is to decrease the manufacturing response time by
maintaining a finished goods inventory. This alternative is counter to the lean
approach to manufacturing and requires a demand forecast, which is unstable.
This make-to-stock technique requires a level of finished goods for most of its
product line, which is associated with a holding cost. Figure 3-13 shows that
manufacturing lead time (the time for one part to pass through the manufacturing
system) increases as the average inventory level increases. Defect-detection
can be impaired if there is a large level of WIP in the section. The consolidated
item number system involves an inventory of intermediate-level parts that require
only small procedures to be completed. An example of this is the Ethan Allen
Furniture Company, which maintains a level of inventory of unfinished furniture
that requires only a painting operation [Vollman, Berry, Whybark, 1997, p. 209].
A similar method is assemble-to-order which involves a certain level of work-in-
progress (WIP) in the system.
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Figure 3-13: Average Finished-Goods Inventory versus Manufacturing Lead Time
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Source: S. N. Chapman, "Schedule Stability and the Implementation of Just-in-
Time," Production and Inventory Management 31, no. 3 (1990) [Vollman,
1997p.491]
The other option is to decrease the manufacturing throughput time and employ a
make-to-order system. This approach embraces lean thinking and embraces
Just In Time (JIT) concepts. The ideal is to approach zero lead time which is one
of the "seven zeros", the goals of JIT system. [Edwards, 1983] This is only
feasible if the production system is stable and predictable. When variations
occur in the system, the system will not meet its target production time. All
factors that cause delays in the system must be minimized. If defects are made,
the time and money spent on producing that part is lost; rework, when possible,
adds cost and time to the system that cannot be compensated. Production
delays, including delays due to run size, process, lot, transportation, and
systematic operational delays, must be reduced as much as possible.
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Design matrix of FR/DP 111 - 113
The design matrix for FR/DP1 11-113 is decoupled as seen in Equation 3-2.
When defects are produced, the throughput time is increased, which is related to
FR1 12. If these defects occur in a stochastic manner, the variation of throughput
time is affected (FR112). Thus, DP-1 11 influences all of these FR's. DP1 12 and
DP1 13 do not have any relationship with quality since they both deal with time
which has no impact on quality (just because something is on-time does not
mean that it is of high quality); therefore, DP11 and DP12 are associated with
FR1 1. If all variation is eliminated, there is a constant minimum throughput time.
FRI111 X 0 0 DP111
Equation 3-2 FR112 X X 0 DP112
LFR113 LX X X DP113
Section 3.4.3 Decomposition of FR/DP12
In order to eliminate of non-value adding sources of cost (DP12), we must reduce
waste in direct labor (FR121), reduce waste in indirect labor (FR122), and
minimize facilities costs (FR1 23). The other forms of waste that incur cost are
being discussed in previous branches of the tree; therefore, it would be
redundant to visit them again under this branch. Figure 3-14 shows the
decomposition through this level.
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Section 3.4.2
Figure 3-14: Decomposition of FR/DP1 2
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The elimination of non-value adding manual tasks (DP121) satisfies FR121. This
stresses the difference between working faster and working purposefully. "Work
advances a process and adds value while merely moving quickly and efficiently
may not accomplish anything." [Shingo, 1989, p.76] This requires a careful
analysis of the tasks of every worker to see where improvements are possible.
To satisfy the reduction of waste in indirect labor (FR122), indirect labor tasks are
reduced (DP122). Horizontal management techniques that rely on
communications and cooperation are favored over vertical hierarchies that tend
to have more confusion and less trust. When automating direct labor, more
indirect labor becomes involved. The system will require programmers,
troubleshooters, and supervisors. These personnel typically demand higher
salaries and these costs are oftentimes higher than the existing production line.
To minimize facilities cost (FR123), it is necessary to reduce the consumed floor
space (DP123). Excess floor capacity is waste; the cost of the property itself and
the costs to maintain it are lost. Storage areas, if required, should be located as
close to production as possible. This reduces the labor of material handlers who
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walk back and forth to supply the machines with parts. When choosing a facility,
it is important to consider its location. "Location may affect the cost at which raw
materials are gathered, the cost of production, the cost of marketing, and the
volume for product that can be sold." [Thuesen, Fabrycky, 1993, p. 582] The
cost of the property, the cost of the labor, and the availability of laborers are all
dependent on location.
Section 3.4.4 Design Matrix for the FR/DP1 21 - 123 Level
The elimination of non-value adding manual tasks (DP121) affects all three of the
FR's. If automation is chosen to reduce manual tasks, there could be an
increase in indirect labor to maintain the machines and computers. Also,
facilities might have to be remodeled for additional space or stronger foundations
to accommodate the automation. Reduction of indirect labor tasks (DP122) has
no effect on direct labor or facilities cost. The reduction of consumed floor space
(DP123) does not have any bearing on waste in either direct labor or indirect
labor.
FR121' X 0 0 ~ DP121'
Equation 3-3 FR122 = X X 0 DP122
IFR123 LX X X DP123
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Chapter 4 The Quality Branch of the
Decomposition Tree
Section 4.1 Introduction
"Quality is free. It's not a gift, but it is free. What costs money are the unquality things- all
the actions that involved not doing jobs right the first time." [Crosby, 1980] If a product is
manufactured with quality at every step, from design and manufacture of components to
final assembly, the result will be a part of high quality that does not need rework or
adjustments to improve it until it is considered acceptable.
Defect-free production affects much more than just customer satisfaction. The elimination
of defects in the system decreases the throughput time of a typical part in the system. The
throughput time itself becomes more predictable. There is no further need for rework
loops that require facilities, manpower, and materials. Defect-free production enables the
JIT approach to manufacturing; if defects were to occur, it would be difficult to guarantee
delivery dates. With JIT, inventory could be minimized in the system and less money
would have to be invested in materials.
In order enable defect-free production, the process has to be predictable and stable.
Once there is stability, it is possible to ascertain problems in the system and propose
methods of improvement. This is an iterative process with the end goal being nothing less
than a system that produces zero defects with minimal cost.
Section 4.2 The Quality Branch- The Decomposition of DP-111
Defect-free production (DP1 11) requires a system that has quality built into every
operation. Every process must be predictable and variation must fall within the acceptable
quality limits. Developing a system like this requires a high level of control of the output of
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each process. All personnel, from management to shop-floor workers, must believe that
achieving no defects is a valuable, feasible strategy. The accomplishment of a high goal
such as this does not occur overnight; it requires identification of the production problems
and the resolution of them, not just ameliorative measures that effectively mask the
problems. The FR/DP's of the Quality Branch are shown in Appendix A.
Section 4.2.1 Formulation of the Top Level Quality FR's
To begin the decomposition of defect-free production, the elements necessary for this
production must be identified. The primary path to zero defects begins with an
assessment of the status quo from sampled data and hypotheses for system and product
improvements. These steps are the top level FR's in the quality branch.
Once a process is chosen and implemented, it must be stabilized (FR-Q1) in order to see
avenues for improvement. Acceptable process control limits must be set and
measurements should regularly fall within these limits. The process selected must be
robust to environment changes. Data collection must also be robust; chaotic phenomena
that falsify data must be eliminated to make Statistical Process Control data beneficial to
understanding the system. Otherwise, any proposed improvements would be haphazard
and might be detrimental in the system elsewhere.
The capabilities of each process should be ascertained as well (FR-Q2). One way to
choose a process is to first identify the requirements of functionality of the part. Then, a
list of fundamental geometric features and prescribed material property ranges can be
compiled. After this step, the set of feasible processes can be selected and analyzed.
[Boothroyd, 1994] When choosing a process, it is essential to remember that some
processes work well together and others do not. Different materials and work rate also
affect the success of the processing. Figure 4-1 shows the compatibility between some
typical materials and processes. Considerations about recycling of scrap and
consumables on the line as well as the end-products themselves must be evaluated when
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selecting materials. The particulars of each proposed process must be carefully
scrutinized.
Figure 4-1: Compatibility between processes and materials [Boothroyd, 1994, p.34]
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Depending on the tolerance allowed for a particular feature, a multitude of processes may
be implemented. It is important to pick a range of acceptable parameters and not just one
target value because other viable processes may be neglected. This principle is illustrated
in Figure 4-2. Fuzzy logic membership functions can be employed in selecting processes
that meet a criteria range. For example, if the desired tolerance range for a material
removal operation is chosen to be from 2 x 10-3 in. to 5 x 10-3 in., there are three traditional
processes that could be chosen (four if you count reaming or broaching, which is an
infrequent application), as shown in Figure 4-3.
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Figure 4-2: Membership functions for material and process selection [Boothroyd, 1994, p. 44]
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Figure 4-3: Tolerance Capabilities of Various Processes [Kalpakjian, 1995, p. 1229]
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Flame cutting
Hand grinding
Disk grinding or filing
Turning, shaping, or milling
Drilling
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Grinding
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Plasma beam machining
Electrical discharge machining
Chemical machining-
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Electrochemical grinding
Electropolishing
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Average application
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Once a process is chosen, its capability can always be improved (FR-Q3). Suzaki (1987)
defines process capability as "the capability determined by the degree of scatter or
dispersion of product quality parameters." The process should always aim to narrow its
tolerance to achieve a higher degree of internal quality. No set of procedures should be
considered optimal; there are always improvements that can be made. It is essential to
steer away from local optimization of a process; the impact of the changes may affect
downsteam processes. Therefore, a global perspective should be maintained when
altering existing processes.
Section 4.2.2 FR/DP Relationships for Top Level of Quality
The DP's that satisfy these FR's are shown in Figure 4-4. For stabilization, variations must
be eliminated (FR/DP-Q1). Measuring the process and designing experiments enable the
determination of the current state of operations and methods of improvement.
Figure 4-4The Decomposition of FR/DPi 11
To stabilize the process (FR-Q1), it is essential to eliminate assignable causes of variation
(DP-Q1). Assignable variation may be attributed to misinterpreted work content, material
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flaws, improperly maintained machinery, and other errors. As these variations are
eliminated, it is possible to see the quality limits inherent solely in the process. This
assessment requires further decomposition due to the many types of assignable causes.
Determining the capability of a process (FR-Q2) requires the measuring of current process
(DP-Q2). The proposed process parameters are set and analysis can begin. First, the
quality parameters are measured over time and recorded on a run chart. The points that
do not fall within the control limits indicate when the process has fallen out of control. The
process capability index can be calculated in Equation 4-1. A process is considered
capable if its value of Cp is at least 1.33.[Johnson, 1994] The root cause of the errors is
determined and the frequency of these errors are plotted in a Pareto diagram. An
example of this chart is seen in Figure 4-5. An Ishikawa (fishbone) diagram is constructed
showing the cause and effect of errors. Figure 4-6 shows an Ishikawa diagram for
assessing the root cause of a particular defect. These diagrams are discussed further in
DP-R1 3, standard method to identify and eliminate root cause.
Equation 4-1: Process Capability Index
USL - LSL where USL: Upper Control LimitC = LSL: Lower Control Limit
6s
s: standard deviation
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Figure 4-5: Pareto diagram
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In order to improve the capability of a process (FR-Q3), it is necessary to analyze it fully
and determine which process variables can be altered. If one parameter is changed, it is
possible that many aspects of the process will also change. It is necessary to design
experiments (DP-Q3) to ascertain what process improvements can be made.
A standard procedure for improving processes stems from the PDCA cycle- plan, do,
check, and act. These elements are shown in Figure 4-7. First, a plan is devised for
change. Then, the changes are enacted. The results are monitored in the checking
stage. If the change was successful, the cycle could stop. However, it is far more
beneficial to implement this cycle in a continuous loop, always seeking opportunities to
capitalize on improvements.
Figure 4-7: PDCA Cycle [Imai, 1997]
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Professor Genichi Taguchi has designed a methodology for the procedures of experiments
to find possible process improvements. First, one input variable is selected to minimize
variation while another input variable maintains the targeted response. Then, processes
should be designed that are insensitive to variations in both their components and
environment. Key elements in the Taguchi method include cross-functional team
interaction and monitoring of all related factors' interactions.
If it is possible to consider redesign of the product, employing Design for Manufacturing
and Assembly (DFMA) can facilitate the production and thus improve the capability of the
process satisfying FR-Q3. It is desirable to eliminate blind manual operations and tasks
that require careful alignment. New fixtures can help as well as ergonomically friendly
workstations.
Section 4.2.3 Design Matrix for Top Level
The design matrix for the top level of the quality branch, shown in Equation 4-2, is
decoupled. There is no path dependency; therefore, all three of these DP's can occur
simultaneously. The design of experiments has no bearing on the stability of the system,
nor do they have any bearing on the actual capability of the process. Measuring the
process does not directly improve capability (the data must be analyzed and action must
occur), nor does it stabilize the process (again, action must occur). The elimination of the
causes of variation does not affect process capability or the improvement of the process.
DP-Q2 and DP-Q3 are leaves in the decomposition; they do not need to be decomposed
further. They do not require any additional information for their implementation.
FRQl 1X 0 0 DPQ11
Equation 4-2 FRQ2 = 0 X 0 DPQ2
1FRQ3 0 0 X DPQ3
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Decomposition of Level Two of Quality
The fifth level of the decomposition is the decomposition of DP-Q1, the elimination of
assignable causes of variation. This is the second level of the quality branch of the tree.
There are essentially four different types of variation with assignable causes. These
variations are the focus of FR-Q1 through FR-Q4.
Section 4.3.1 Formulation of the Second Level Quality FR's
One of the types of variation to be eliminated is variation due to machine assignable
causes (FR-Q1 1). Unscheduled downtime is the largest single source of variability in
many production systems. [Hopp, Spearman, 1996] Internal parts in the equipment wear
out, and as they do so, the accuracy and repeatability is lost. The quality level falls out of
the control range in SPC charts, resulting in line stoppage for process recalibration.
Operators are fallible; it is essential to minimize the impact of operator assignable causes
(FR-Q12). Mistakes are made for many reasons including confusion about the operator
work content, absent-mindedness, and boredom. The processes should be inspected to
find methods to lessen the effects of these errors.
The elimination of method assignable causes (FR-Q13) results in a more stable process.
Unless a process plan is written and followed explicitly, the process will vary each time it is
performed. Therefore, it is uncertain if the process is truly effective. Certain processes
are incompatible with each other; if a myopic view of method design centers on only one
process, the result might not satisfy requirements. Errors that are inherent in certain types
of processing should be studied to find ways to minimize their number and impact. For
example, in the welding of alloy steel, the cooling rate must be performed consistently at
the proper speed; otherwise, martensite, an undesirable grain structure, may form.
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Section 4.3
Variations in materials can reflect variation in the manufacturing system. By eliminating
material assignable causes (FR-Q14), the processing can be performed effectively and
predictably. It is imperative that the materials are of an expected high level of quality.
Materials delivered must be those that are ordered.
Section 4.3.2 FR/DP Relationships of the Second Level of Quality
The FR/DP relationships established in the decomposition are shown in Figure 4-8.
Methods of eliminating the types of variation that cause quality problems are addressed in
this section. The DP's further stabilize the process and make the system more
predictable.
Figure 4-8: Decomposition of DP-Q1
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The DP selected to eliminate machine assignable causes is selection / maintenance of
equipment (DP-Q1 1). Reliable machinery should be purchased and maintained in order to
reduce variability due to equipment. Equipment design should concentrate on lessening
the extent of required preventative maintenance and facilitating these maintenance
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activities by allowing easy access to component areas. Vendors should be responsive to
the proposed production system design and be adaptive enough to meet or exceed the
requirements. A Total Productive Maintenance (TPM) plan must be implemented to
handle equipment support problems before they occur. Developing TPS consists of
twelve principle steps as shown in Figure 4-9. [Nakajima, 1988]
Figure 4-9: Elements of Total Productive Maintenance (TPM) [Black, 1991, p. 141]
Step 1: Announce top management's decision to introduce TPM.
* State TPM objectives in company newsletter.
* Place articles on TPM in company newspaper.
Step 2: Launch educational campaign.
* For managers, offer seminars/retreats according to level.
* For general workers, provide slide presentation.
Step 3: Create organizations to promote TPM.
* Form special committees at every level to promote TPM.
* Establish central headquarters and assign staff.
Step 4: Establish basic TPM policies and goals.
* Analyze existing conditions.
* Set goals.
e Predict results.
Step 5: Formulate master plan for TPM development.
* Prepare detailed implementation plans for the five foundational activities.
Step 6: Hold TPM kickoff.
0 Invite external customers, affiliated and subcontracting companies.
Step 7: Improve effectiveness of each piece of equipment.
* Select model equipment.
* Form project teams.
Step 8: Develop an autonomous maintenance program.
. Promote the Seven Steps.
e Build diagnostic skills and establish worker procedures for certification.
Step 9: Develop a scheduled maintenance program for the maintenance
department.
Include periodic and predictive maintenance.
Include management of spare parts, tool, blueprints, and schedules.
Step 10: Conduct training to improve operation and maintenance skills.
* Train leaders together.
* Have leaders share information with group members.
Step 11: Develop initial equipment management program.
" Use MP design (maintenance prevention).
* Use start-up equipment maintenance.
* Use life cycle cost analysis.
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Stepl2: Perfect TPM implementation and raise TPM levels.
* Evaluate for PM prize.
e Set higher goals.
To satisfy FR-Q 12: eliminate operator assignable causes of variation, it is necessary to
find ways to stabilize the performance of the worker (DP-Q12). There are many different
sources of error inherent in a production system, which lead to instability that can be
attributed to workers; therefore, the effects of these obstacles must be minimized. There
is not a simple way to achieve this stability; therefore, DP-Q12 must be further
decomposed.
The elimination of method assignable causes (FR-Q13) requires a complete knowledge of
the process chosen and the affects of the adjustment of the process parameters. A
comprehensive process plan (DP-Q13) should be designed to specify every process
variable which would, in turn, standardize every aspect of the process itself. When
processes have many permissible property ranges, the cumulative effect of all of these
variations can result in an unacceptable part. One method of developing the process plan
is to utilize a comprehensive computer-aided process planning (CAPP). This interactive
software creates a standard set of operations that can draw upon the experience gained
from previous projects. This system alone is not sufficient; it is necessary to concurrently
use computer-aided manufacturing (CAM) and computer-aided design (CAD). In addition,
it is necessary to keep records of revisions of the plans and provide a function that checks
to make sure the correct plan is being utilized.
In order to eliminate material assignable causes (FR-Q1 4), there are several different DP's
possible. One DP would be the inspection of all incoming material. This option would
incur high costs; additional personnel would have to be hired to perform the inspections. If
destructive testing is performed, the cost of the part tested would be lost. Another option
would be to have these quality assurances provided by the material vendors. A supplier
quality program (DP-Q14) would ensure that incoming materials meet requirements.
There is no single method of developing a program such as this.
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One common aspect of all of these programs is close vendor-customer relation.
Requirements are discussed in an open fashion, stressing that this communication fosters
benefits for both parties. The supplier better knows how to please its customer. Other
companies work closely with their vendors to educate them in ZD and JIT. The traditional
method of performing vendor audits is weak; it is impossible to see in a day how a
company behaves the rest of the time.
In general, it is better to have a select group of vendors. With a large number of vendors,
it is difficult to maintain a close relationship with each. By arranging with some vendors to
give them a certain guaranteed percentage of orders, better service can be obtained.
They will be more receptive to delivering orders in small quantities for JIT manufacturing
systems.
Section 4.3.3 Design Matrix of the Second Level of Quality
The design matrix associated with the second level of the quality branch is shown
Equation 4-3. The matrix shows a dependence of DP-Q1 1 to FR-Q13. It is because of
the intertwined relationship between machine and process. The selection and
maintenance of equipment affects the process as well. Thus, DP-Q1 1 must be performed
first and the other DP's can be implemented in any order.
FR --Q11 X 0 0 0 DP -Q11
FR-Q12 0 X 0 0 DP-Q12
Equation 4-3 FRQ13 X 0 X 0 DP -Q13
FR -Q14 L0 0 0 X DP-014
Section 4.4 Decomposition of Level 6 of Quality
As mentioned previously, stable output from operators (DP-Q12) must be further
decomposed. This is the third level of the quality branch; the resulting DP's are the final
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leaves of the decomposition. The reasons that operators produce unpredictable quality
work are discussed in FR-Q121 through FR-Q123
Section 4.4.1 Formulation of the Third Level Quality FR's
There are three principle problems that have to be addressed to ensure stable output from
operators. One of the causes of unstable output is that the operator does not know
enough about the process and equipment with which he is working. Therefore, it is
necessary to educate the operator about his required tasks (FR-Q121). Another problem
is that the operator performs his tasks in a different manner each time and his output can
vary from part to part. It is important for the operator to consistently perform his tasks
correctly (FR-Q1 22). The other main issue is how to minimize the effects of errors. If an
error occurs, it does not necessarily have to translate into a defective part (FR-Q1 23).
Figure 4-10:The Decomposition of DP-Q12
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Section 4.4.2 FR/DP Relationships of the Third Level of Quality
In order to ensure that an operator has knowledge of the required tasks (FR-Q1 21), he
must be educated comprehensively. The most common method of accomplishing this is
through a training program (DP-Q121). A standardized, mandatory training program
ensures that everyone will have the same skills and ideals about productions (such as
Zero Defects, ZD) upon completion. It is preferable that the training be taught by the same
set of instructors to ensure that all workers get the same education. When a worker
leaves the job, his experiences are not lost because others share his knowledge base. If
an operator has sufficient training, there is not as much need for his direct supervision.
Not only will he be able to be self-managed, he will be more motivated with the increased
responsibility. Training should not just affect new workers; as the processes are improved,
all workers need to be trained in the latest procedures. Increased education enhances the
workplace. The most common form of training is on-the-job training (OJT), but some
companies also provide classroom instruction.
There are countless ways to perform a required set of steps unless the order and
procedure details are prescribed. Standard work methods (DP-Q122) ensure that the
worker's output is predictable both in quality and with respect to time. Standards also
provide a known basis that can be improved because the current level of success is
understood. There are several different ways to support this concept.
Standard operating procedure (SOP) for each machine should be posted in an easily
visible position. The operator can refer to this document while on the job, if necessary, to
ensure that he is performing the right tasks in the proper order. The language of the SOP
should be simple to facilitate understanding. The creation date of the SOP should be
posted; this keeps track of revisions and shows how long it has been since the last
change. Operators should contribute to the improvement of the SOP's; they need to feel a
form of ownership of the processes they control. Improvements are activities that
strengthen quality, cost, delivery, safety, or morale (QCDSM). [Sukaki, 1993, p.97 ] By
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using standards, the number of defects exiting the system can be less than the number
being introduced into the system from suppliers, as shown in Figure 4-11.
Figure 4-11: Standards Reducing Defect Levels [Cochran, 1998]
Even though quality from supplier 2,000 ppm on the average, there are only 61 ppm defects (line
return s)
+ Defects are detected, prevented and not advanced
Standard work charts, sometimes referred to as man-machine charts, are useful tools to
show the worker exactly what his work pattern should be. The benefits of this chart
include facilitation of the scheduling of a worker between several machines and
management of worker production to takt time. There are serious considerations to be
weighed when creating the work pattern. Feasible time estimates that have the worker
performing at a comfortable pace should be used. Process designers should not
determine these estimates unless they have attempted the series of tasks themselves. By
establishing a pattern, it is less likely that an operator will forget to complete a task. This
concept will be further addressed in Section 7.4.2.
Another component of standard work methods is designing the process to ensure its
repeatability. By eliminating the necessity for adjustments of the setup, the process will be
more predictable. These adjustments include those performed on the machine, the
workpiece, and the tools. These simplified predictable setups require less time and control
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the sources of variation because they are part of a standard procedure. Setup time is the
necessary time to changeover a machine from the last acceptable completion of one part
type to the first acceptable production of another part type. One method of accomplishing
this is single-minute exchange of dies, SMED where changeover is less than ten minutes
[Shingo, 1989]. This concept is more fully explained in Section 7.3.1.
In order to ensure that operators' errors do not translate into defects (FR-Q123), the errors
themselves should be prevented and if they do occur, it is easily reversible because the
system would detect the abnormality before performing work on the part. This concept is
the premise of mistake proofing operations (DP-Q123). This notion can be achieved with
simple devices, such as color-coding or templates, or can utilize sophisticated devices that
can be enabled to shut down the process in the event of an error.
Poka-yoke, which is Japanese for mistake proofing, ensures that defects will not be
produced. It can also eliminate problems associated with safety. If a part does not fit
correctly into a poka-yoke device or jig, the machine will not start. It performs attribute
inspections on incoming parts.
There are two main types of poka-yoke. The control type of poka-yoke shuts down the
machine and/or the production line until the problem is rectified if it detects an abnormality.
The warning type of poka-yoke alerts the operator to a problematic situation by a lamp or a
buzzer. Poka-yoke devices attain a 100% inspection of incoming materials by mechanical
or physical control. Two typical examples of poka-yoke devices are shown in Figure 4-12
and Figure 4-13. The three principle classifications of control poka-yoke methods are as
follows:
" Contact method- Defects are identified by the lack of contact between the
device and a designated feature of the geometric shape or dimension.
* Fixed value method- If a certain number of movements have not been made,
then the part is determined to have a defect. This method utilizes counters.
. Motion step method- If the established pattern of work steps is changed or in
any way violated, the system will detect this abnormality and the process will
shut down.
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There are three main steps in choosing a poka-yoke device. First, an inspection system,
such as successive inspection and self inspection, should be chosen that fulfills the
requirements of the operation. The inspection system can consider issues including safety
and defect prevention. Next, it must be determined if a warning poka-yoke is sufficient or
if a control poka-yoke is necessary. The last step is to choose the actual device and
implement it into the operations.
Figure 4-12: Typical Poka-Yoke Device to Detect if Parts Were Taken by the Operator [Cochran, 1998]
Machine 1: Sewing ventilation holes
PY1 ventilation 
holes
Back side
Notch built into the
design to orient the part
PY2
Poka-yoke in air-bag sewing machine
Poka-yoke 1 (PY1): light sensor detects color of material to verify correct side
Poka-yoke 2 (PY2): light sensor to verify presence of notch and orientation
of material
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Figure 4-13: Typical poka-yoke device to detect if part has been correctly placed [Cochran, 1998]
Typical Poka-yoke Device to Detect if Parts were taken by Operator
Heu Ber
Typical Poka-yoke used to detect if Part has been Placed Correctly
Section 4.4.3 Design Matrix of the Third Level of Quality
The design matrix for this level shows the necessity to instigate the training program (DP-
Q121) before implementing the other two DP's. The ability of an operator to consistently
perform his tasks correctly (FR-Q122) is related to his level of training. Standard work
methods do not ensure that the worker knows what is required of him unless it is
communicated to him. It also does not have any relationship with the translation of errors
to defects. Similarly, poka-yoke devices neither affect operator knowledge nor his ability
to perform tasks. These relationships are shown in the design matrix in Equation 4-4.
FR - Q121 ~X
FR-Q122 = X
FR -Q123L 0
0
X
0
0 DP-Q121
0 DP -Q122
X DP-Q123
Equation 4-4
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Chapter 5 The Identifying and Resolving
Problems Branch of the
Decomposition Tree
Section 5.1 Introduction
Throughput time variation occurs when the production is disrupted. The
decomposition of throughput time variation reduction (DP1 12) leads to two
branches stemming from it. It is essential to react to these disruptions rapidly
and to minimize their frequency. In order to minimize the response time, the
problems should be identified and resolved as quickly as possible. This aspect
of reducing throughput time variation is the Identifying and Resolving Problems
(IRP) branch of the tree. The FR/DP relationships for this branch are shown in
Appendix A. The Predictable Output branch of the tree minimizes the disruptions
themselves. Figure 5-1 shows this decomposition.
Figure 5-1: The Decomposition of Throughput Time Variation Reduction, DP112
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This chapter discusses the decomposition of the IRP branch. Chapter 6
discusses the Predictable Output branch.
Section 5.2 The Formation of the Identifying and Resolving Problems
Branch
When problems occur in production, it is essential to find the source of the
problem and to resolve it as quickly as possible before it affects other aspects of
production. Oftentimes, an operator realizes that the system is not functioning as
expected, but is unaware of what should be done to correct the problem. In
some facilities, there is no clear method to find an answer. This branch aims to
show a procedure for handling unexpected problems on the shop floor.
Section 5.3 Formulation of the IRP's Top Level FR's
The top FR for this branch is to respond rapidly to production disruptions (FR-
R1). In order to resolve production problems, it is necessary to identify them, to
notify the personnel who are capable of fixing the problems, to keep resources
available to enable the correction of the problems, and to rectify them. Having a
system for detection and response to production disruptions (DP-R1) provides
the means to have a competent workforce which knows how to react to
disturbances. Suzaki explains this concept in an analogy, "As we discover a
problem, we need to put the convict (problem) into prison (standardized
countermeasures) and make sure that the convict does not escape (process
control)." [Suzaki, 1993, p. 8] Figure 5-2 shows this FR/DP mapping.
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Figure 5-2: FR/DP-R1
DP-R1
System for detection &
response to production
disruptions
Suzaki (1993) proposed a method of managing the manufacturing system, which
has five steadfast rules.
1.
2.
3.
4.
5.
When a disruption occurs, go to the gemba (workplace, shopfloor)
Investigate the gembutsu (relevant objects)
Take temporary countermeasures immediately.
Identify the root cause.
Standardize the solution to prevent reoccurrence of the problem.
This management system is practical and the generally accepted
workplace management.
method of
The design matrix relating the top levels of the IRP and Predictable Output
branches represents a decoupled design. This matrix is shown in Equation 5-1.
A further discussion of this matrix follows in the Chapter 6, the predictable output
branch.
Equation 5-1 FR - Ri _ X
FR - P1 X
0
X
DP - R1
DP - P1
Section 5.4 The Formulation of the IRP's Second Level FRIDP's
There are several components to creating a system that identifies problems and
delineates steps for solving them. The problems themselves must be detected
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as soon as possible to ensure that they will not worsen. Once detected, there
must be a method that determines which personnel can fix the problem. These
people must be contacted quickly to minimize downtime. These technicians
must know how to solve a wide gamut of known problems as well as others not
previously encountered. These functional requirements are translated into FR-
R11 through FR-R13.
Figure 5-3: The Decomposition of DP-R1
Section 5.4.1 FR/DP Relationships of the IRP's Second Level
In order to rapidly recognize production disruptions (FR-R1 1), it is necessary to
develop a subsystem configuration to enable operator's detection of disruptions
(DP-R1 1). The operator needs information about the problem to ensure that it is
taken care of expeditiously. He needs to know more than just the existence of
the problem. For example, Statistical Process Control (SPC) will show that a
problem exists when the process falls out from the control levels, but the reason
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why this problem occurred will not be readily apparent. Another example is when
a general andon light is illuminated, it only refers to a general problem. Thus, a
subsystem must be designed for operator detection of problems. The elements
of this subsystem are decomposed in level three of the IRP branch.
In the Toyota Production System (TPS), the line stops completely when
production abnormalities are detected. This radical method is called jidoka;
defects are prevented from advancing to the next station. The approach employs
a second concept, autonomation, which is "automation with a human touch."
The machine will not restart until the situation is rectified. Defects will not be
produced and further damage to equipment will not occur. Jidoka and JIT are
considered to be the two pillars of TPS.
When a problem arises, the operator may or may not have the skills required to
fix it. If it is beyond his scope, he may need to address a foreman. At this point,
maintenance personnel may be called in or even process engineers. Important
information can be forgotten or miscommunicated throughout this course. The
path to finding a solution to a problem can oftentimes be convoluted and
confusing. In order to communicate the problems to the right people (FR-R12),
there must be a process state feedback system (DP-R12) that communicates the
right information to the right people.
One technique of informing everyone on the production line (including line
workers and managers) of disruptions is Glass Wall Management. This concept,
conceived by Matsushita, calls for open communications within the entire
production system. By fostering interaction, all company members can be active
in the managing of the system. All workers are informed of disruptions, which is
beneficial in several ways. The collective mind of the entire workplace is more
powerful than individual minds. By exposing many people to the problems, they
can relate the information to their own processes and propose improvements. If
disruptions occur in one area frequently, the workers responsible for the area will
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be subject to everyone knowing that they are having problems. Similarly, those
areas that are consistently performing on time with high quality will be recognized
by the entire company. This technique enables everyone to know the status of
the production line, but it is still necessary to determine those individuals directly
responsible for ameliorating the situation. This concept is analyzed in further
detail in the decomposition of this DP.
To solve problems immediately (FR-R1 3), there should be a standard method to
identify and eliminate the root cause of the problem(DP-R1 3). If the root cause is
not found and a quick fix is preformed to ameliorate the problem, it can be like
treating the symptom, instead of the cause. There are innumerable ways to
identify the root cause. The Toyota Production System (TPS) advocates the
"Five W's and One H" technique [Shingo, 1989, p. 82]. When a problem arises,
one should ask "why?" five times or until the source is uncovered. The "5W 1 H"
refers to the following:
* Who- the subject of production
* What- the objects of production
* When- time
* Where- space, location
" Why- to discover the reasons behind all of the above factors since they
part of the problem being solved
" How- methods
A similar technique is to perform Pareto analysis and tracking cause/effect
relationships with Ishikawa diagrams. When problem solving, one can start at
the symptom of the problem and delve into the bone structure to find the root
cause. This technique is related to fault tree analysis (FTA) and failure mode
and effect analysis (FMEA) [Imai, 1997].
Other techniques are suitable to a variety of applications. Histograms, control
charts, scatter diagrams, checksheets, and various other graphs aid in the
solving of problems. Hypothetical examples of the utilization of two of these
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devices are shown below in Figure 5-4. Imai has identified an additional seven
tools: relations diagrams, affinity diagrams, tree diagrams, matrix diagrams,
matrix data-analysis diagrams, Process Decision Program Charts (PDPC), and
arrow diagrams. These tools are effective in areas such as quality improvement,
cost reduction, and policy deployment. Different departments must cooperate
and share information in order to solve tough problems.
It is important to apply lessons learned from today's failures to problems that are
encountered tomorrow. A history of problems and solutions should be kept to
facilitate the next time the situation occurs. This procedure also helps detect
recurring problems in production that may stem from a more serious foundation.
"Simplify, combine, and eliminate" are guide words in some factories. It is
always better to have a simple solution instead of a complex one because the
probability of success of the former is greater than that of the latter.
Figure 5-4: Methods of Tracking Defects
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sign Matrix of the IRP's Second Level
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The design matrix for the second level of the IRP branch is highly path
dependent. This decoupled matrix is shown in Equation 5-2. The subsystem
configuration to enable operator's detection of disruptions (DP-R 1I) influences to
whom the problems are communicated (FR-R12) and the speed at which the
problems can be solved (FR-R13). The feedback system must recognize the
problems and convey information about them, but the minimization of time to
solve problems is not affected. Methods of problem solving are useful only after
a set of problems has been found.
FR - R11 X 0 0 DP-R11
Equation 5-2 FR-R12 H X X 0 DP-R12
FR - R13 JX X X DP-R13
Section 5.5 The Decomposition of DP-R1I
There are several essential elements in a subsystem that allows an operator to
easily detect errors. Sufficient information must be presented to the operator in
an easy-to-interpret manner and must be conveyed in a timely fashion. It must
show where the disruptions occur (FR-R1 11), when the disruptions occur (FR-
R122), and what is the nature of the disruption (FR-R123).
Section 5.5.1 FR/DP Relationships of R1 11 - R1 13
There are many different ways of identifying where production disruptions occur
(FR-R1 11). Simplified material flow paths (DP-R1 11) facilitates this aspect and
others. When there are many paths that a part can follow in the manufacturing
system, it is difficult to spot the origins of the error. By limiting the possible
material flow paths, the traceability of a part's history is increased. Figure 5-5
shows this concept in a departmental factory layout.
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Figure 5-5: Material Flow Paths in a Departmental Layout
By implementing single piece flow, it is even easier to detect where disruptions
occur. This system has a lot size of one; after work is performed on a part, it
moves to the next station, not waiting for other parts of its kind to have work
completed at that station. The workpiece moves from one station to the next and
passes through inspection. Problems can be determined immediately after the
production of one defective part with successive or incoming checks. This
method is far better than checking quality at the end of the production of a large
lot. Devices, such as andons and other visual controls, can show the general
vicinity of a disturbance, but with lot production, the whole lot can be processed
before they are detected. Money and production time are saved. The many
other benefits of single piece flow are discussed in Section 7.5.
Identifying disruptions when they occur (FR-R1 12) requires that the operator
know the status of his equipment on a regular basis. If the system does not
inform the operator of problems as they occur, defects can be produced until that
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knowledge is relayed. Therefore, an increased operator's sampling rate of
equipment status (DP-R1 12) will enable a worker to alleviate the impact of a
production disruption. A continuous sample space provides more information
than a discrete sample space. Control charts that sample quality for every part
show a disruption occurring when the process data falls out of the control limits.
Certain process may not be capable to be constantly monitored for quality . If
data cannot be sampled for every part, the sample size (n) to achieve a certain
level of precision (the probablity that the quality of the samples refects the quality
of the lot) for a binomial distribution (within tolerance or not) can be determined
from Equation 5-3, where E is the maximum error, p is the probability of success,
(1 -p) is the probability of failure, a is the probability of failure, and zw2 is such that
the normal curve area to the right equals c/2 [Johnson, 1994].
Equation 5-3 n = p(1- p) Za2]
E
The sampling of data and development of visual tools for the assessment of the
system's status is only beneficial if the operator is utilizing it. If he is diverted
from his work and does not monitor his equipment, the system can go down
without his knowing. Visual tools, like andon lights, that are in everyone's view
help promote the vigilance of the worker and those around him.
In order to identify the nature of the disruption (FR-R1 13), sufficient information
needs to be conveyed to the problem solvers. They need to know more than the
fact that a problem has been detected; they need to know what activity led up to
this failure, when it happened, and where exactly the problem is centralized. The
information must be relayed to the operator responsible for the equipment; if this
information is sent to a centralized problem center, there may be delays in
resolving the situation. Context sensitive feedback (DP-R1 13) ensures that the
operator knows all pertinent information that can be provided. From this
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information, an operator can ascertain the seriousness of the problem and follow
a standard procedure to solve it.
Section 5.5.2 Design Matrix for FR/DP R1 11 - R1 13
The decoupled design matrix in Equation 5-4 illustrates the relationship between
DPR1 11 and FRR1 12. Simplified material flow paths can show not only where
disruptions occur, but also when. This is especially true when single-piece flow
is implemented into the system; if there is a problem that occurs, it will be
detected immediately after it is produced, and the problem station will be
pinpointed. Context sensitive feedback (DPR1 13) has no bearing on either
where or when the disruption occurs; it provides information about the situation
and how the event occurred.
FRR11 'X 0 0 DPR111
Equation 5-4 FRRI12 = X X 0 DPR112
FRR113 0 0 X DPR113
The Decomposition of DP-R12
A process state feedback system (DP-R1 2) must reliably convey the right
information to the right people in the least amount of time. The system itself
must be setup to ensure that these requisites are met. The set of FR's that
satisfy this DP are: identify correct support resources (FR-R121); supply
descriptive information to support resources (FR-R122); and minimize delay in
contacting correct support resources (FR-R1 23).
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Figure 5-6: The Decomposition of DP-R12
Section 5.5.3 FR/DP Relationships of R121 - R123
In order to identify correct support resources (FR-R121), there must be a
prescribed plan for how to handle disruptions. For the set of commonly
encountered production disturbances, a failure mode analysis must be performed
to determine what aspects of the system have been affected. Then, it is possible
to compile a list of specified support resources for each failure mode (DP-R121).
If the problem is low-level, the operator can usually handle it, but in more serious
cases, the problem can be routed to the proper personnel.
In some cases, a mutual assistance program can be successfully implemented.
In systems where the entire line stops when disruptions occur, other workers in
the cell will aid the worker until the problem is solved. This method embraces the
concept that a collective mind is better than a single one and that a problem
should be fixed from its roots, not its surface.
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To fulfill FR-R1 22, supply description information to support resources, a system
that conveys the nature of the problem (DP-R1 22) must be established. There is
no single optimal system for this conveyance; they must be tailored to the
individual company. In some manufacturing lines, a simple andon cord is pulled
to summon a supervisor to intercede. In other companies, music is played to
indicate problems. This method is especially suitable to informing workers that
they have fallen behind the prescribed pace. The music played on the floor will
change when production does not match the rate; as problems worsen, these
songs will be replaced with others that represent the aggravated situation. In the
Romeo engine plant, pagers alert personnel to the problem on-hand
automatically and provide information to prepare them before they actually see
the sight of the disturbance [Cochran et al, 1999]. The implementation of these
systems depends on the size of the operations and the complexity of the
floorspace.
To accomplish FR-R123, minimize delay in contacting correct support resources,
a rapid information transfer system (DP-R1 23) must be established. The faster
the information is conveyed about a disturbance, the quicker to which it can be
attended. Information should first be provided to the operator so that the
operator will discontinue his current work and tend to the situation. Visual and
audio systems are good tools for alerting the operator and they can convey the
information immediately. If the situation is more serious, it might be desirable for
the system to contact the maintenance force automatically. However, in a small
manufacturing system, this level of autonomation would not necessarily be
suitable. A protocol should be established that mandates the immediate
communication of problems and it should be well known by all employees.
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Design Matrix of FR/DP R121 - R123
The design matrix for this level shown in Equation 5-5 is highly path dependent.
The specified support resources must be determined for each failure mode
before information can be conveyed to them in an expeditious manner. Thus, a21
and a3 1 reflect the dependence. The system that conveys pertinent information
about disruptions affects the speed at which they are notified. A fast information
system does not influence the description information sent to the production
resources that are specified. Thus, the order of implementation is DPR121,
DPR122, and DPR123, respectively.
FRR121 ~X 0 0 DPR121
Equation 5-5 FRR122 = X X 0 DPR122
LFRR123 LX X X DPR123
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Section 5.5.4
Chapter 6 The Predictable Output Branch
of the Decomposition Tree
Section 6.1 Introduction
The ability to deliver products on time is hinged upon the frequency of production
disruptions as well as the severity of these disruptions. By reducing variability in
the production system, the throughput time of a product is more predictable.
Production disruptions can stem from factors such as equipment, raw materials
and components, human error, and interruptions in the information chain.
Section 6.2 The Formation of the Predictable Output Branch
Predictable output is achievable if standards are set and continuously met.
Suzaki quotes Yoshio Shima as saying, "Once standards are in place and being
followed, if you find a deviation you know there is a problem. Then you review
the standards and either correct the deviation from the standard or change the
standard. It is a never-ending process of PDCA!" [Suzaki, 1997, p. 56]. This
comment aptly describes the continuous cycle that is followed to attain
predictable output. Variations in throughput time must be reduced and standards
must be set. These standards must continuously critique the current level of
attaining production goals and find ways to improve operations. With changing
market and production conditions, it is not possible to let up the vigilant pursuit of
a closer definition of the standards.
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Figure 6-1: Decomposition of DP1 12
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Section 6.2.1 Design Matrix for the Decomposition of DP1 12
The design matrix resulting from the decomposition of DP1 12 shows a
relationship between DP-R1, the system for detection and response to
production disruptions, and FR-R2, minimizing production disruptions. This
matrix is shown in Equation 6-1. The effectiveness of the system correlates with
the frequency of production disruptions. This phenomenon occurs because the
system is a learning system, which is disinclined to repeat previous mistakes. If
the system expeditiously detects a disruption, the total time required to get
operations back on-line is decreased. The severity of a disruption can be limited
with quick detection. If there are frequent inspections of product and process,
the possibility of a defect passing though the system to the customer is reduced.
Equation 6-1 FR-Ri FX 0 DP-R
FR - P1 X X DP-P1J
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Section 6.3
Output Branch
Decomposition of the Second Level of the Predictable
The second level of the decomposition of the predictable output branch illustrates
the factors that affect variation in the system. Variability in production is
associated with information, equipment, workers, and materials. The commonly
heard philosophy, "the chain is as strong as its weakest link," holds true for
manufacturing systems. If the information is unreliable, production quantities and
due dates might not be achieved. If the equipment breaks down frequently or
erratically, throughput will again be affected. Workers not performing as
expected can cause throughput problems. If materials are not available when
required, production will be hampered. If these elements become predictable,
the overall system will be more stable.
Figure 6-2: The Decomposition of DP-P1
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FR/DP Relationships of the Second Level of the PO Branch
The breaking of the information chain in a manufacturing system is a critical
problem that affects every aspect of production. Without the proper information,
workers will not know what to produce, when to produce, and how much to
produce. Not only is there lost production time; delays associated with this
downtime will have to be made up in expensive overtime. If not enough
information is provided, workers will have to leave their stations to seek it out. If
there is too much information, there will be confusion in determining what is
pertinent. It is essential that there is availability of relevant production
information (FR-P 11).
The design parameter chosen to satisfy this FR must ensure that the required
information is available; the DP chosen is a capable and reliable information
system (DP-P1 1). These information systems can range from a simple
paperwork trail to a computerized tracking system that knows the location of any
part at any time. In a traditional production control system, there are three tags
that travel with the product throughout the system: identification tag (shows what
it is), job instruction tag (indicates what work should be done on the product), and
transfer tag (instructs where the parts go next in the sequence) [Shingo, 1989].
Hakanson, 1993, discusses keyless data entry systems which ensure that data
will not be corrupted with human error as it is inputted. It can track WIP
throughout the system and provide information on employee performance. Bar
coding can be used along with Electronic Data Interchange (EDI) to assist in the
JIT delivery of material on the shop floor. Orders can be placed to suppliers
automatically when inventories fall below prescribed levels. A Management
Information System (MIS) can track each part through fabrication when coupled
with Automatic Identification (Auto. ID). These techniques are especially useful
in a make-to-order system that allows for customer options. The methods also
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Section 6.3.1
increases the traceability of defects and assists in scheduling preventative
maintenance. [Hakanson, 1993, p. 8-10.4]
In a pull system, one of the best methods for controlling production is the kanban,
a "ticket." A pull system is a production system that is based on the actual
customer demand of products within a prescribed time span. When an order is
placed, the production is initiated from the end of the system; the product is
removed from the finished goods inventory and production is triggered to replace
it. In a linked manufacturing cell system, operations at one cell trigger
operations at the preceding cell, this is illustrated in Figure 6-3.
Figure 6-3: Linked manufacturing cell system [Cochran, Weidemann, 1998]
Material Flow in a Lean Manufacturing System
Cycle Cycle
Time 4 Time 3
Material Flow
Information Flow
Cycle
Time 2
Cycle
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Takt Time
"Supply Chain"
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The kanban provides three forms of information. First, it is an identification tag
that reveals what the product is. Second, it is a job instruction tag which
indicates the operations, their durations, and quantities. Third, it is a transfer tag
that relays to the operator where the item came from and where it is to go next.
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Examples of these are shown in Figure 6-4 through Figure 6-6. There are two
types of kanban in the lean manufacturing system. The first is the work-in-
process tag that provides both identification and work instruction. The second is
the withdrawal tag that serves as both identification and transfer instruction.
Other systems utilize additional types of kanban including express kanban,
emergency kanban, and job-order kanban [Monden, 1998].
Figure 6-4: Identification Tag [Cochran, Weidemann, 1998]
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Figure 6-5: Job Instruction Tag [Cochran, Weidemann, 1998]
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Figure 6-6: Transfer Tag [Cochran, Weidemann, 1998]
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Six rules govern the use of kanbans [Ohno, 1988, p. 30]. These are summarized
in table Table 6-1.
Table 6-1: The Six Rules for Kanban Use
1. The subsequent process obtains the number of items as indicated by
the kanban at the previous process.
2. The previous process produces the required quantity of items in the
prescribed sequence.
3. There is to be no production without a kanban.
4. Kanbans must always be attached to the product.
5. Defects are not allowed to pass into subsequent operations.
6. The fewer the kanbans, the more sensitive the system is to
disruptions.
The number of kanbans in the system can be calculated from Equation 6-2. In
this equation, Q is the daily production and a is the volume of safety stock. The
safety stock and the suppliers' response time of the system determine the
desired number of kanban. The round trip time for a container to pass through
the system is calculated in Equation 6-3. If the required production volume
changes, the number of kanbans in the system can be adjusted. Production is
improved as the number of kanbans is decreased. Production has to be perfect
if the number of kanbans is the minimum for achieving production (a is zero).
Muda (waste), mura (inconsistency), and muri (unreasonableness) in the
standard work procedures will become more visible and can be subsequently
reduced.
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Equation 6-2: Number of Kanban in the System
Number of Kanban (N) =Maximum Stock (Q + a)
Container Size (n)
Equation 6-3: Round Trip Time of a Container (RTT)
There is a delivery every A days with a frequency of B times that day.
C is the number of intervals (A/B) for container replenishment.
RTT = A x (C +1)
B
The flow of kanbans in the system is illustrated in Figure 6-7. When parts are
used, a withdrawal kanban is put into a device such as a FIFO (First-In, First-
Out) rack. A worker picks up the kanban and takes it to the previous process
where he gets the requested items. A work-in-process kanban is taken from the
pallet and put in a designated place. The withdrawal kanban is attached to the
pallet, which is transported to the line. The work-in-process kanban taken from
the pallet serves as a work order to signal processing items from the next
preceding process. As this occurs, the work-in-process tag of the operation
preceding it is removed and replaced with a withdrawal kanban. This procedure
repeats through all of the operations. This process is facilitated with close-
proximity stations and single piece flow. Kanbans do not have to be cards; floor
markings or empty bins can be effective production ordering kanbans.
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Figure 6-7: The Circulation of Kanban [Shingo, 1989, p. 182]
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Kanban has other benefits including prevention of overproduction. It limits
production because it acts like a work order. If there is no incoming kanban,
there should be no production. Similarly, if there is no transfer kanban, the part
should not be moved. Kanban show production problems. If the line is not
balanced, kanbans can pile up resulting in process delay. The inventory in the
system is known to be the same as the number of kanbans. Kanban is capable
of achieving JIT production to customer demand. Figure 6-8 shows kanban
throughout the system.
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Figure 6-8: Kanban Throughout the System [Cochran, Lima, 1998]
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In order to ensure predictable equipment output (FR-P12), the machines must be
able to repeatably perform their tasks with long intervals between machine
failures. Preventative maintenance can circumvent line-stopping setbacks. A
further discussion of TPM is in the quality branch in Section 4.3.2. Adopting a 5S
approach (discussed in Section 8.4) to plant maintenance facilitates operator
detection of abnormal situations. These issues must be addressed in the
maintenance of machine reliability (DP-P12).
Suzaki (1987, p. 119- 122) cites four different phases of machine maintenance.
The first is a forced deterioration that occurs when operators do not routinely
maintain the equipment. The second phase is when periodic preventive
maintenance is practiced. In the third phase, continuous maintenance of the
machines is implemented. Operators have sufficient knowledge to perform basic
repairs and poka yoke devices indicate abnormal situations. The fourth phase is
condition-based maintenance; machines are constantly monitored to determine
exactly when conditions are changing. Operators, as well as diagnostic
equipment, watch for changes in machine operation. Diagnostic equipment,
such as vibration monitors and shock pulse meters, can be extremely valuable
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provided that they are used properly and the machine is operated under its
prescribed conditions. Maintenance is performed immediately to ensure that no
damage occurs to the machine. The relationship between probability of machine
failure and time is shown in Figure 6-9.
Figure 6-9: A Four-Phased Approach to Machine Failure Problems [Suzaki, 1987, p.
120]
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One method of assessing if the equipment will be sufficiently reliable is to
determine its availabilty. The percent of time that the machine is operational is
the value of the availability. It is dependent on the mean time between failure
(MTBF) and the mean time to repair (MTTR). The equation governing this
relationship is given in Equation 6-4,
Equation 6-4 Availability = MTBF
MTBF + MTTR
Another method of determining if the equipment meets the standards for
dependability is to calculate reliability. The reliability of the system is dependent
upon the reliability of its components. Figure 6-10 illustrates that the system
reliability is not the same as its individual components; even if the machines are
rated to have 95% reliability, the cumulative effect of the operations in series
reduces the systems effectiveness. There are three classifications of systems:
series, parallel, or both. The product law of reliabilities for series systems is
given in Equation 6-5. This law demonstrates the effects of increased
complexity. For parallel systems, the product law of unreliabilities is stated in
Equation 6-6. By combining both laws, complex systems with both parallel and
series operations can be examined. [Miller, Freund, 1994, p. 549-550]
Equation 6-5: Product Law of Reliabilities (for series systems)
n
Rs = -1
i=1
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Equation 6-6: Product Law of Unreliabilities (for parallel systems)
R, = 1 (1- )
i=1
Figure 6-10: Machine Reliability Versus System Reliability
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Maintaining predictable worker output (FR-P13) is essential in a manufacturing
system. Under normal working conditions, the output of workers follows a normal
distribution as seen in Figure 6-11. As the variance is reduced, the distribution
narrows and the expected value of output is more likely to be the mean value.
Factors of variation in worker output must be examined to improve the process.
Worker output is dependent on the attitude of the worker and the procedures he
follows to complete his work. If the worker is dissatisfied with his job, he will not
strive to produce at his best. It is essential to ensure that the workers do not feel
as though they are merely a consumable resource, no different from the
machines or materials. If management values the workforce, it will be reflected
in the shopfloor's attitude. If the worker has no set procedure for performing his
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work, there will be variation. This variation is not only inter-person; it is also intra-
person. To stabilize the worker output, there must be a motivated workforce
performing standard work (DP-P13).
Figure 6-11: Normal Distribution Curve for the Output of 1,000 Randomly Selected People
[Niebel, Freivalds, 1999, p. 358]
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Motivation of workers relates to the value placed on the worker. There are many
methods of integrating the worker's input from the station to the system. Quality
circles promote worker / management interaction. Small groups of workers and
supervisors address issues concerning quality, productivity, and safety. Drawing
from the experience of the production workers is a powerful tool for improvement.
Workers feel a sense of pride and ownership of their line and have a sense of
true accomplishment when they make improvements. This kind of
communication fosters a greater respect between the management and workers.
Further issues of DP-P13 are decomposed into the third level of the Predictable
Output branch.
In order to ensure material availability (FR-P14), variation in material supply must
be minimized. Both external and internal material replenishment should be
addressed. Suppliers should be chosen not just on basis of price, but also
delivery reliability. This aspect has been addressed in the quality branch of the
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decomposition (DP-Q14: supplier quality program). Internal material
replenishment must deliver the desired quantity of the correct part at the correct
time. These activities constitute a standard material replenishment system (DP-
P14).
Materials can be replenished in a variety of ways. One method is fixed quantity
at fixed time intervals. If the line produces more than expected values, it will be
starved for parts. If the line produces less than expected values, there will be an
excess of on-hand inventory. Another method of scheduling internal deliveries is
fixed quantity with irregular time intervals. When a line uses a prescribed amount
of inventory, a delivery is triggered. If there is not a regular turn-over of
inventory, this system can have a high inventory carrying cost. Another method
is variable quantity at fixed time intervals which is the basis of the kanban
system.
In the kanban system, what is used in a time interval is replaced in the following
one. A person can make a loop, retrieving kanban tickets for intermediate parts
used in manufacturing. These kanbans are taken to the storage area where the
handler refills the cart with the required parts. As he makes his next round, he
delivers the parts and picks up more kanban tickets.
The storage area of the materials should be designed to enable material
replenishment personnel to quickly find the items they need. Material storage
areas should be clearly labeled with both the contents and minimum / maximum
levels for each bin. Heavy items should be located toward the bottom to facilitate
the loading of a cart.
For safety reasons, the material flow routes should not be in high traffic areas nor
should they pass into the space occupied by machine operators. The paths
should be easily identifiable and free of clutter, which improves the management
of the material replenishment system. Pickup/delivery areas should be clearly
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marked to ensure that the material handler does not miss an area. Special slots
can be used to ensure that those parts used first will be those replaced first,
FIFO.
Visual factory techniques are enhanced with an easy-to-follow material
replenishment system. Information is conveyed quickly and reliably with the
kanban system. When the level of parts in the inventory goes below the lower
threshold value, the reordering of parts will be triggered. It is easy to ascertain
the amount of inventory in the system.
Section 6.3.2 Design Matrix of Second Level of the PO Branch
Interrelations between the FR's and DP's create a decoupled matrix for this level,
which is shown in Equation 6-7. The information system must precede the other
operations because if the system does not know what or how much to produce,
there will be no output whatsoever. Equipment reliability (DP-P12) has no
bearing on the information system (FR-P1 1), production efforts of the workers
(FR-P13), or material availability (FR-P14). There is a relationship between the
workforce performing standard work (DP-P13) and FR-P14 because without
material, the operators cannot perform work.
FR-P1 ~X 0 0 0 DP-P111
Equation 6-7 FR - P12 X X 0 0 DP - P12
FR - P13 X 0 X 0 DP - P13
FR - P14 X 0 X X DP - P14
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Section 6.4
Branch
Decomposition of the Third Level of the Predictable Output
In order to maintain a motivated workforce that performs standard work, worker
variabilities must be minimized. Task completion time, availability of workers,
and worker allowances must be addressed to achieve a predictable output. The
third layer of this branch explores these issues, shown in Figure 6-12.
Figure 6-12: The Decomposition of DP-P1 3
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Section 6.4.1 FR/DP Relationships of the Third Level of the PO Branch
The variability task completion time occurs when workers do not know a precise
work pattern or do not have the discipline to practice it. Each worker might have
a different method of accomplishing the same tasks; some with better
performance than others. In order to reduce the variability of task completion
time (FR-P1 31), standard work methods (DP-P1 31) should be developed.
100
Suzaki (1987, p. 136) uses music as a metaphor for factory operations. They
both share the same elements: rhythm, tone, and harmony. Rhythm is akin to
the cycle times of the operation, which should beat to takt time. Tone is likened
to the quality of the operations performed. Harmony is analogous to line
balance; if the flow of the entire line is not considered, the result will be more like
noise. Standard work is the musical score for the factory. It is dynamic; as
processes improve, the music changes. Standard work should not be "stagnate
work." There are a variety of different types of standard operation charts
available to develop output requirements and convey them to the workers:
* Capacity charts (by part)
* Standard operating sheets
* Standard task combination sheets
* Task manuals
* Task instruction manuals
Standard work methods have many benefits including increased safety and
improved quality when employed in a consistent manner. Consumables are
used in a consistent manner; excessive consumption will not occur. When
designing standard work, inspection should be included in the procedures.
Training is facilitated with the use of standard operating sheets. The
preservation of expertise occurs in well-written standards. Comparing the
expected work to the resulting work can assess job performance. Because there
is a firm basis, improvements can be proposed more clearly.
When workers are absent, the production system must be able to reallocate its
workforce to compensate. In a cellular system, the workers can be put into
different workloops so that operations could still occur, but the production volume
might not be satisfactory, especially in a make-to-order case. In a mass
production setting, the rate of absenteeism can be sufficient enough to cause
major scheduling problems. The availability of workers (FR-P132) is essential to
maintain a predictable output.
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There is no way to mandate that workers show up 100 percent of the time. But
an incentive plan may be a way to ensure that workers will be in attendance. A
system that rewards the worker for his perfect attendance (DP-P132) can be a
motivating factor. Rewards can range from recognition in a ceremony to
monetary compensation. Absenteeism can be a more serious problem in some
situations. It can indicate unsatisfied workers who feel that management is
unappreciative of them. They may not derive personal satisfaction from their
work. This problem, coupled with a high turnover ratio, is indicative of a poor
worker / management relationship. Increased responsibility and self-
management can produce motivated workers.
The basic time (work time and changeover time) ranges from 85 to 90 percent;
whereas, allowance time ranges from 10 to 15 percent of the time. [Monden,
1995, p. 262] There are two forms of personal allowances. Fatigue allowances
are to permit a worker to rest between operations. The amount of this type of
allowance is dependent upon the type of work and the environment. Personal
allowances enable a worker to use the restroom or get a drink of water. It has
been found that over a range of industries, the time for personal allowances
extends from 4.6 to 6.5 percent. 1
Losing such a substantial amount of time to these allowances poses significant
problems in the production system. In a single piece flow system, what happens
when a worker leaves his station? The work would no longer be synchronized
and downstream starvations would propagate. By stipulating that the system
does not interrupt production for worker allowances (FR-P133), the flow of the
system will be preserved.
1 1. Lazarus, "Inaccurate Allowances Are Crippling Work Measurements." Factory
(April 1968), pp. 77-79, quoted in Benjamin Niebel and Andris Freivalds,
Methods, Standards & Work Design, 10 th ed. (Boston: McGraw-Hill, 1999), 384.
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To keep the required number of people on the floor during production time, a
mutual relief system with cross-trained workers (DP-P133) should be instigated.
When a worker needs to rest, he can alert his foreman who will temporarily take
his place. Workers can switch jobs if they desire a change or a break from their
usual routine by notifying the foreman. The workers must be cross-trained to
have the skills to perform a different set of tasks. If the tasks are simple, an
operator can develop a greater repertoire of them. The posting of standard work
sheets in the area assists the workers in remembering the tasks. All jobs must
be clearly defined to prevent variation in output.
Section 6.4.2 Design Matrix of the Third Level of the PO Branch
The third level of the predictable output branch has interrelations that make it
path dependent, as shown in Equation 6-8. Standard work methods have no
bearing on the availability of workers (FR-P1 32) or the interruption of the line for
personal allowances (FR-P133). A mutual relief system is not related to the
reduction of variability of task completion time (FR-P1 31) or to the presence of
workers for that day (FR-P132). However, DP-P132, a perfect attendance
program, has an effect on FR-P133. If there is a shortage of workers for the day,
production will have to stop for worker allowances. There will not be any workers
to fill in the position of the worker who is using a personal allowance.
FR-P131 FX 0 0 DP-P131f
Equation 6-8 FR-P132 = 0 X 0 DP-P132
FR-P133 L0 X X jDP-P133
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Chapter 7 Delay Reductions
Section 7.1 Introduction
Delays are predictable elements in the production system that shift the mean
throughput time curve. By eliminating system delays, the throughput time is
reduced. "There are only two ways of reducing delay: increase the capacity, or
change the relationship between throughput [time] and delay." [Gershwin, 1994,
p. 44]. Since capacity is determined in the investment planning stage, the best
solution is to eliminate delays themselves and lessen the effects of the remaining
ones. There are essentially five types of delay in a system: run size, process, lot,
transportation, and systematic operational as shown in Figure 7-1 [Cochran et al,
1999].
Figure 7-1: Decomposition of DP1 13
FR-T1
Reduce run
size delay
FR-T2
Reduce
process delay
(caused by r, >
r)
FR-T3 FR-T4
Reduce lot Reduce
delay transportation
delay
FR-T5
Reduce
systematic
operational
delays
Section 7.2 Design Matrix: The Interrelation of Delays
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The top level matrix for delay reductions, as shown in Equation 7-1, shows the
interrelation between the different types of delays. The production of the desired
mix and quantity (DP-Ti) is related to process delay because leveling must
consider both the mix of product types and processing times. Production
balanced to takt time affects transportation delay; this type of production requires
that stations/cells are located close to one another. The reduction of lot size
affects transportation delay. Smaller lots (especially lots of one) require a
minimal transportation delay; otherwise, operations will be starved.
FR-TI X 0 0 0 0 DP-T1
FR-T2 X X 0 0 0 DP-T2
Equation7-1 FR-T3 = 0 0 X 0 0 DP-T3
FR-T4 0 X X X 0 DP-T4
FR-T5 0 0 0 0 X_ DP-T5
Section 7.3 Run Size Delay
Run size is the number of consecutive parts that are made under the same setup
before changing over to another setup. As run size increases, there is an
increase in the throughput time needed to satisfy the customer's order, provided
it is for mixed models. The time until another product can be produced increases
as run size increases. Also, a large run size is associated with large WIP.
Decreased run sizes require more frequent setups. In order to reduce run size
delay (FR-Ti), production should be of the desired mix and quantity during each
demand interval (DP-T1) as shown in Figure 7-2. The maximum value of run
size delay is calculated with Equation 7-2. Equations of delays in this section
have been developed by Jim Duda and the PSD Group. This concept is the
basis for production leveling.
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Figure 7-2: FR/DP T1
DP-T1
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Equation 7-2: Run Size Delay
v: number of different part types
QRP: run size
QRD: demanded quantity
to: cycle time
(QR
Level production is manufacture of the quantity and mix of products demanded
by the final customer within a prescribed interval. Run size is reduced to the
customer order quantity, as illustrated in Figure 7-3. There are two types of
leveling: product mix and cycle time mix. Figure 7-4 illustrates leveling by
product mix. The customer wants to pick up 400 of part A, 200 of part B, and
400 of part C every 2 hours, then either there must be a finished goods inventory
or production must match the demand. If the run size is 16,000 of part A and C
respectively and 8,000 of B, the weekly production will be satisfied. However, a
certain level of inventory would have to be retained to satisfy the mix for the two-
hour delivery schedule. Reducing the run sizes to the actual demand enables
production requirements to be met without carrying inventory. By reducing the
run sizes and staggering production of different products, the customer
demanded mix can be achieved. For example, production of right-handed parts
should be followed by left-handed parts, ideally one at a time.
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Figure 7-3: Level Production [Cochran, 1998]
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Figure 7-4: Level vs. Unlevel Product Mix Production
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If the cycle times are not the same, cycle time leveling must occur. If production
for types A, B, and C are 50 seconds, 30 seconds, and 40 seconds respectively,
then production should be staggered as seen in Figure 7-5. If part A is produced
in lots, the production will never fulfill the requirements, since the cycle time is 40
seconds. Having many products with different processing times and different
demand rates creates a difficult problem in scheduling.
Figure 7-5: Level vs. Unlevel Cycle Time Mix
Cycle Time
3 min
2 min 'H
1 min
Cycle Time
3 min
2 min
1 min
Section 7.3.1 Decomposition of DP-T1
In order to produce the desired mix and quantity during each demand interval
(DP-T1), the production system needs the knowledge of what it is expected to
produce and the capacity to actually produce it. This information should come
from actual customer demand, not forecasts. The second level of the
decomposition of the run size delay branch is shown in Figure 7-6.
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Unleveled to Takt Time
Leveled to Takt Time
M Part A
11 Part B
Figure 7-6: Decomposition of DP-T1
DP-T11
Information o
The knowledge of the demanded production mix, both cycle time mix and product
mix, needs to be determined for daily production (FR-T11). For each station, the
information must flow from the downstream customer (DP-T11). The source of
this information can be stored in a heijunka box [Cochran, Lima, 1998]. A
heijunka box is a production leveling tool that stores the daily production
sequence. In Japanese, heijunka means "to level". This box, clearly visible on
the shop floor, has slots that store a withdrawal kanban for each pitch. Each
column of the heijunka box represents the pitch, which is the time to produce a
standard container. A typical heijunka box is shown in Figure 7-7. Takt time,
shown in Equation 7-3, is the time required to produce one part. The value of
pitch is calculated in Equation 7-4. Note that time available is the net work time
of the day which is equivalent to subtracting maintenance and allowance times
from the total time. At the beginning of each takt time, a card is pulled an
production is begun on that part type. Heijunka maintains sequence of
production, key for specialized products. This tool enhances the system's
predictable output. Figure 7-8 illustrates a heijunka box in a system with equal
volumes and equal processing times for A, B, C, D, and E.
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Figure 7-7: Heijunka Box
Pitch = 6 minutes
Equation 7-3: Takt Time
Takt Time =
Time Available
Average Customer Demand per Time Period
Equation 7-4: Pitch
Pitch = Takt Time * Lot Size
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Figure 7-8: Heijunka and Mix [Cochran, 19991
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Once the information has been established, the second component of producing
to the desired mixed must be addressed. The ability to produce in sufficiently
small run sizes (FR-T1 2) is dependent upon setup time. Therefore, the system
must be designed for quick changeover of material handling and equipment (DP-
T12 ). Shingo pioneered an approach to reducing setup time, called Single
Minute Exchange of Dies (SMED). This technique differentiates setup that must
be performed when the machine is offline (internal setup) from setup that can be
performed while the machine is running (external setup). Internal setup is
converted to external through standardization and creative methods; all setup
activities are streamlined. A more radical implementation of SMED is OTED,
One Touch Exchange of Dies.
There are four principle stages of the institution of SMED. The first of these is
when there is no differentiation between external and internal setups. The
second stage is the partitioning of external and internal setups and making the
execution of the internal setup as smooth as possible. The third stage is the
conversion of internal setups to external setups whenever viable. The last stage
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is continuously improving the system, converting setup from internal to external.
There are eight techniques for reducing setup time, summarized in Figure 7-9.
Figure 7-9: The Eight Techniques for Reducing Setup Time [Shingo, 1989,
pp.48-55]
* Technique 1- Separate internal from external setup operations
* Technique 2- Convert internal to external setup
* Technique 3- Standardize function, not shape
* Technique 4- Use functional clamps or eliminate fasteners altogether
* Technique 5- Use intermediate jigs
* Technique 6- Adopt parallel operations
* Technique 7- Eliminate Adjustments
" Technique 8- Mechanization
External setups are capable of being performed while the machine is online while
internal setups require the machine to be down. This can be accomplished by
videotaping the worker and analyzing the tape to see which operations require
that the machine be stopped. An operator should never leave the machine to
perform external setup when the machine is offline. Tools, dies, gauges, and
materials must be ready for use from a location close to the machine. Presetting
fixtures and tools, which can be set while the machine is in operation,
externalizes internal setup actions. Internal adjustments can be reduced with
limit switches, stops, and locating pins. To push these concepts further and
reduce the setup time to less than a minute, toggle switches can be utilized to go
from one setup to another, and quarter-turn cam bolts can be used to clamp
fixtures and tools securely and quickly. Some of the devices that facilitate SMED
are shown in Figure 7-10.
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Figure 7-10: SMED Devices [Shingo, 1985, p. 57, 62]
clamping holes
holder
here attach and
remove here1
attachment
cassette c
Section 7.3.2 Design Matrix of FR/DP T11 - T12
The matrix of the second level of the run size delay branch is decoupled.
Without information about what should be produced, the system will be unable to
produce in any run size, much less a small one. Quick changeover equipment
has no bearing on knowing the demanded quantities and mix. These
relationships are shown in equation 7-5.
Equation 7-5
Section 7.4
FR - T11 X 0 ] DP - T11I
FR-T12) _X X] _DP - T12)
Process Delay
Process delay occurs when a lot of parts arrives before the machine can process
it. Put another way, the arrival rate of lots is greater than their service rate (ra > rs
). WIP accumulates at the stations, waiting for its turn to be processed. If there
is a bottleneck in the system, inventory will accumulate in front of that station.
This form of delay is expressed mathematically in equation 7-6. For example, if
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the cycle times for machine 1 and machine 2 are 60 seconds and 120 seconds
respectively, and the time that the machines have been run is 10 minutes, then
there are 5 parts of WIP in the system. It will take an additional 10 minutes until
these parts are completed. An unbalanced system is the root cause of process
delay; therefore, to reduce process delay (FR-T2), the system must be balanced.
Equation 7-6
Dp: Process delay
tC MAX: Cycle time of slowest operation
tCMIN: Cycle time of fastest operation
tM: Time that the mismatched operations have been running
D,= " _ t -
In balanced production, all operations or cells produce at the same rate. This
rate should be equivalent to the customer demand. If another rate can be used,
the system will still be balanced, but either over-production or under-production
will result. Thus, the DP for satisfying the reduction of process delay must
consider balanced production with regard to takt time (DP-T2), as shown in
Figure 7-11.
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Figure 7-11:Balanced and Unbalanced Production [Cochran, Lima, 1998]
Buffer 1 Buffer 2
T=0
CTl = CT2 CT3
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T1 hr
Balanced
T= 1 hr
_ part/hr part/hr parthr
RatelI Rate2 Rate3
Figure 7-12: FR/DP Relationship
DP-T2
Production
balanced
according to takt
time
Section 7.4.1 Decomposition of DP-T2
In order to produce according to takt time, it is essential to define the takt time(s)
(FR-T21), ensure that the production is balanced according to that time (FR-
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T22), and ensure that the arrival rate is balanced with the service rate (FR-T23).
This information is required to set up the system and maintain it.
Figure 7-13: Decomposition of DP-T2
Section 7.4.1.1 FRIDP Relationships for Level Two of Process Delay
The definition of takt times (FR-T21) must be performed initially in the capacity
planning stage. The procedure of determining the range of takt times is shown in
figure 7-14. When planning capacity for the system, a likely range of demand
fluctuations must be inferred from a forecast. The system should be able to
tolerate fluctuations without having to be reconfigured. A certain range of
capacity should be determined for the system; in the example, ±30 percent of the
forecasted demand is the design range. Next, the takt time range must be
calculated from this range. Takt times affect both level and balance of the
system. When working with multiple customers, leveling is key to satisfying them
all. If the system is not balanced according to takt time, process delays will be
incurred.
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With multiple customers, each has their own demand levels. Customers with a
smaller average demand can be grouped together to save resources.
Customers that have high demand levels might be better serviced with lines
dedicated to them. Thus, the definition of takt time might include the grouping of
customers to achieve a takt time within the desired range (DP-T21).
Figure 7-14: Capacity Planning for a Range of Cycle Times [Cochran, 1999]
Planned Capacity = Forecast emand
= Forecast error (spread)
is unknown
CPV Forecast Demand
Forecast Demand
The Production System Translation to a uniform distribution.
must meet a Capacity Rangel The system responds equally as well
to a range of operating conditions
-30% D, +30% Forecast Demand
Designing Cells to meet Takt time= Available Time
a Range of Capacity Average Daily Demand
- 30% CT + 30% Cell Cycle time
Min. Machine Cycle Time or Max. Rate
Because multiple customers have different demand requirements, it is possible to
set up individual lines that run to each takt time range. Another option is to
aggregate the demand of the customers and create a single takt time for them.
Figure 7-15 shows these two production methods. In the first case, the three
lines, in a linked cell layout, perform to takt times as determined from the
assembly operations. Upstream cells have a lower value of takt time to account
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for process variability. In the second case, the demand of all customers is the
basis of the takt time. Because of the short takt time, the layout of the system is
departmentalized; there is insufficient time separation of worker from machine.
High speed equipment may be required to meet the lower takt time. The volume
flexibility is less, and the ability to track parts in the system is hampered.
Figure 7-15: Affect of Customer Definition to Overall System Design [Linck, 1999, p. 3]
Components Plant VehicleAssembly
Mach. Cell --- Assy. Cell Csoe
TT - 60 see TT = 65 sec TT = 65 sec
Mach. Cell -- 0 Assy. Cell ----- er
TT = 55 sec TT = 60 sec TT = 60 sec
Mach. Cell Customer 3
TT-50see TT=55sec TT=55sec
Buffer Customer 1
TT=65 sec
Machining Assembly c
Job Shop Layout Line 
_czTT=0se
TT = 20 sec TT [LC3 Customer 3
TT =55 Sec
TT 20 secs
The next FR at this level is to ensure that production rate is balanced with takt
time (FR-T22). More explicitly, the service rate of the cell must be capable of
performing at the fastest tact time of the range (rsma, = 1/ttmin). Every operation
within the system must have this capability; therefore, subsystems must be
enabled to meet the desired takt time (design and operation) (DP-T22). Again,
the issue of balance is revisited. If one of the cells cannot perform to the time
specifications, then the system will fail. Each cell must be tested to determine if
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the operations are reasonable and can be completed in the takt time. This DP
will be further decomposed in level 3.
The last FR on this level is to ensure that part arrival rate is balanced with the
service rate (FR-T23). If the rates do not match (ra = rs), cells will be either
blocked or starved. The time interval for a cell to complete operations on a
container of parts, the pitch, must correspond with the time at which the parts
arrive. Thus, the corresponding DP to satisfy this FR is the arrival of parts at
downstream operations, according to pitch (DP-T23). Further decomposition of
this DP will be shown in the third level.
Section 7.4.1.2 Design Matrix for the Second Level of Process Delay
The resulting matrix from this level's decomposition is decoupled (Equation 7-7).
Since the takt time range is prescribed in DP-T21, the balancing of the
production rate with the takt time (FR-T22), and the arrival rate matching the
service rate, ideally takt time, (DP-T23) are interrelated. The ability of the arrival
rate to match the takt time (FR-T23) is dependent on whether or not the
subsystem is capable of meeting the takt time (DP-T22). The rate of part arrival
(DP-T23) has no bearing on the definition of takt time (FR-T21) or the balancing
of takt time with production rate (FR-T22).
Equation 7-7 FR - T21 X 0 0 DP - T21
FR-T22= X X 0 DP-T22
FR-T23 LX X X DP-T23
Section 7.4.2 Decomposition of DP-T22
There are several components enabling the subsystems to meeting the desired
takt time (DP-T22). This decomposition is shown in figure 7-16. All cell
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operations must be performed in the takt time. The cycle times of all automation
must be less than both the fastest takt time (FR-T221) and the manual cycle
times (FR-222). If the processing time differs across the product line, the cycle
times must be leveled (FR-223). Otherwise, the customer demand might not be
filled in the prescribed time interval, and throughput time would be increased.
Figure 7-16: Decomposition of DP-T22
:FR-T22t
DP- T221
Design of
appropriate
automatic work
content at each
station
DP-T22
Subsystem
enabled to meet
the desired takt
time (design
and operation)
:FR-'T222~K
DP- T222
Design of
appropriate
operator work
content/loops
Pk-22 3.-
DP-T223
Stagger
production of
parts with
different cycle
times
The automatic cycle time must be less than the minimum takt time (FR-T221). If
the processing time of an operation is substantially larger than takt time, parallel
operations, as depicted in figure 7-17, may be a solution. It is important to note
that high capacity machines may run at less than 100 percent capacity. The flow
of the system is more consequential than machine utilization. Producing parts
faster than they are needed creates WIP and scheduling problems. To satisfy
the FR, there must be design of appropriate automatic work content at each
station (DP-T221). Capacity charts can verify that automatic operations fall
within takt time.
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Figure 7-17: Schematic of Parallel Processing
Likewise, the manual cycle time must be less than the takt time (FR-T222).
Therefore, it is essential to design appropriate operator work content/loops (DP-
T222). Work loops are the paths that operators follow and work content is the
manual activities performed at each station as shown in figure 7-18. Standard
work charts can be used to setup these work patterns. Manual time is denoted
with solid lines, while machine time is denoted with dotted lines. Walking time
between operations, estimated at two feet per second, is shown with a line that
looks like a decreasing series of step functions. Multiple peoples' work patterns
can be shown on one page to show how a cell operates under takt time. Figure
7-19 shows an example of a standard work chart.
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Figure 7-18: Work Content and Work Loops [Cochran, Lima, 1998]
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Figure 7-19: Example of a Standard Work Chart [Cochran, 1998]
PARTS: A, 3, and C Operators: 1coll
PROCESS TIME Isec
# OPERATION Man Walk Auto 25 50 75 100 125 150 175 200 225
Turning 10 4 180
Miling 10 4 1O ?1 9
Grinding 10 4 180 " - P 1 T
Washing 10 7 180 " 1 i
Turning 10 4 18 11
Milling 10 4 180
Grinding 10 4 18
Washing 10 7 1810 177 -7 j -1M r
Turning 10. 4 180 1
Turning 101 4 180 -
Milling 101 4 180 - 1, Il1'"T II "IM 11 1 1 1
W ashing 10 7. 180 1 1T17 11 1 71"'l r ir, I I I ii
When balancing worker's cycle times, one worker may have tasks that take
substantially less than takt time, as depicted in figure 7-20. This occurrence can
be a kaizen opportunity; by reexamining the system, it may be possible to
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rearrange activities to eliminate the need for that worker in the cell. He can be
reallocated to another area where he can be more productive.
Figure 7-20: Example of Balancing Workers' Cycle Times Lead to Kaizen Opportunities
Before
Cycle Time = 50 sec
A B C D E
Operators
After
Takt Time =55 sec
A B C D E
Operators
If there is a change in takt time, the workloops can change to respond; figure 7-
21 illustrates this concept. Workers can be added to groups or moved to another
area where there is a greater need. A flexible workforce, shojinka, enables the
reallocation of workers in workloops.
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Figure 7-21: Workloops Responding To Changing Takt Times
Line 1
TT! TT, TT,
Line 2
TT2 TT2
TT2 =60 sec.
The last FR, ensuring level cycle time mix (FR-T223), can be accomplished by
staggering the production of parts with different cycle times (DP-T223). It
concept of leveling cycle time is discussed in Section 7.3.1. This enables parts
with different cycle times to be produced with an average takt time in mind.
Demand for a specified time interval can be satisfied.
Section 7.4.2.1 Design Matrix for FR/DP T221 - T223
This design matrix, shown in equation 7-8 shows two interdependencies. Both
DP-T221 and DP-T222 affect level cycle time mix (FR-T223). The design of the
automatic and manual work content affects level cycle time mix. The mix is
dependent on the times of these operations. The staggering of product types in
production (DP-T223) does not affect the times that are required for processing,
only the mix. It affects issues of level, not balance.
Equation 7-8 FR -T221 1X 0 0 'DP -T2211
FR-T222= 0 X 0 DP-T222>
FR-T223 JX X X DP--T223
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Decomposition of DP-T23
In order to satisfy DP-T23, the arrival of parts at downstream operations
according to pitch, the parts must be available (FR-T231) and the timing of part
arrivals must coincide with the ending of service on the previous lot (FR-T232).
This decomposition is shown in Figure 7-22.
Figure 7-22: The Decomposition of DP-T23
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To ensure that parts are available (FR-T231), the system must always be
predictable, or there must be a buffer in between operations of suitable size.
This standard work in process between subsystems (SWIP) (DP-T231) should be
sufficient to continue production if there is an unpredicted machine failure. The
more predictable the system, the lower number of parts in the buffer. A
decoupler can store one or more pieces between stations. Stringent line
balancing is not necessary with the presence of a decoupler. Decouplers can be
used as poka yoke inspections and can perform intracell transportation. Figure 7-
23 illustrates the multiple functions of a decoupler [Black, 1991 ].
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Section 7.4.3
Figure 7-23: Decouplers for Standard WIP Between Subsystems [Black, 1991, p. 193]
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To ensure proper timing of part arrivals (FR-T232),parts must be moved to
downstream operations according to pitch (DP-T232). If parts arrive at the
station at the instant that parts leave the station, the operations are in sync.
Even if the service and arrival rates are identical, there could be waiting, since
the operations did not start at the same time. Careful scheduling of operations
makes this possible.
Section 7.4.3.1 Design Matrix for FR/DP T231 - T232
This matrix, shown in equation 7-9, shows a dependence between DP-T231 and
FR-T232. Having parts available in a buffer ensures that a part will be available
at the time it is needed. This buffer helps absorb some of the variance in
processing times. The movement of parts is unrelated to part availability.
Equation 7-9 FR-T11 _[X 0^ DP-T11j
FR-T12) X X DP-T12)
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Section 7.5
Lot delay, pictured in figure 7-25, is time that a part waits for other parts in its lot
to be processed. General lot delay is expressed in equation 7-10. When
production occurs according to takt time, the lot delay is shown in equation 7-11.
These equations reveal that reducing lot size directly reduces lot delay.
Therefore, in order to reduce lot delay (FR-T3), there must be a reduction of
transportation lot size (DP-T3). This FR/DP relationship is shown in figure 7-24.
Figure 7-24: The Lot Delay Branch
DP-T3
Reduction of
transportation lot
size
(single piece flow)
Figure 7-25: Example of Lot Delay in a Batch Production System
Batch Size = 500
Process 2
(CT=1min)
Process 3 Z
(CT=1min)Z
Throughput Time = 1500 min
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Lot Delay
Equation 7-10
DL:
m :
Qbi:
tel:
Lot delay
number of operations
number of parts in the batch
processing time for one part in the ith operation
DL = (Q1 - )t,
Equation 7-11
NM:
N B:
tt:
number of operations
number of parts in the batch
takt time
DL = NLI (NB - I)tt
Single-piece flow is the reduction of the transportation lot size to one unit. The
time savings from traditional batch processing to single piece flow processing is
shown in figures 7-26 and 7-27. This method of flow is possible on the shop
floor, but impossible between plants or from suppliers to plants. Single piece
flow and its relationship to simplified material flow paths is discussed in IRP
branch in section Section 5.5.1. Single piece flow also helps detect the source of
errors and reduces the level of WIP in the system.
Figure 7-26: Example of Single Piece Flow Production
500 min 1 mn Batch Size = 500
Process 1 (CT=lmin)
---- 500 min +,
Process 2 (CT=lmin)
----- 500 min
1 m3 =Process 3 (CT=l min)
A 00
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Figure 7-27: Example of Batch Production
P ro e 0 0 0 
Process 1 (CT=l min)
PA A A2 ( mAi
Process 2 (CT=1lmin) 500 min
Process 3 (CT=1min)
Lead Time = 1500
Having single piece flow enables low levels of work-in-process (WIP). By
lowering inventory levels, production problems such as defects are exposed.
Although excessive inventory can mask the effects of disruptions, it is highly
wasteful because of the high cost of carrying inventory and the delay of detection
of defects in stock. This concept is illustrated in Figure 7-28.
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Figure 7-28: Lowering inventory levels uncovers problems [Black, 1991, p171]
High Level of WIP Inventory
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-Scheduling
- Capacity planning
Low Level of WIP
Exposes Problems in the Cells
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force time Shortage defects downtime Deficiencies in
Deficiencies inl imbalance of skilled production planning
roduction system workers and control system
- Inventories - Priority control
- System design - Dispatching
- Material flow - Standards
- Capacity balance . Scheduling
- Capacity planning
Single piece flow requires lines that are balanced and leveled. Otherwise, the
production system will have blockage and starvation with high levels of wasted
direct labor.
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Transportation Delay
Transportation is a non-value added process in a production system. It wastes
manpower, equipment, and time. In order to reduce transportation delay (FR-
T4), it is necessary to reduce the amount of required transport. Transportation
delay is expressed in equation 7-12. Solutions like forklifts, automatically guided
vehicles (AGV's), and conveyors lessen the work load for the operators, but
eliminate neither the transport activity itself nor the time required to perform it.
These transport methods are often implemented with high cost and low flexibility
and do not truly solve the transportation issue. Fixed path methods of transport,
such as conveyors, should be avoided because they limit flexibility. The best
way to reduce transport delay is to implement a material flow oriented layout
design (DP-T4). This relationship is expressed in figure 7-29.
Equation 7-12
m: number of machines
tt: transportation time
to: waiting time
m+1
i=1
Figure 7-29: The Transportation Delay Branch
DP-T4
Reduce Material flow
Str sportation oriented layout
delay .design
There are many benefits to having a material flow oriented layout. Interprocess
delays are reduced and less labor is required for transport. Product related
manufacturing processes can be consolidated and located next to each other
with minimized wasted space. This method facilitates continuous flow
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manufacturing and increases the percent of value-added floor space. Frequent
material deliveries can be attained because of the relative proximity of
operations. Lower levels of WIP are necessary because reduction in transport
time. Line of sight management is facilitated since operations are grouped closer
together. Figure 7-30 illustrates this concept.
Figure 7-30: Schematic of Flow Paths in Plant Layout
Material Replenishment Flow Path
7'Material Flow Path
Excessive intermediary storage should be eliminated in the manufacturing
system. Shuttling the parts from area to area simply adds cost and no value.
Large warehouses of parts tie up investment and decrease output flexibility.
Defects are masked in the volumes of inventory. Holding costs for the inventory
are also incurred; the investment can be funneled into other operations that could
add value. If the product line changes to meet customer demand, some of the
inventory might not be used at all.
When choosing methods of transportation, the characteristics of the item being
moved should be considered. There are a variety of means of conveyance,
including forklifts, carts, and pallets. A material handling index of liveliness,
shown in figure 7-31, can assist in the selection of a method. [Monden, 1998, p.
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209] The value of the index is calculated by classifying the required steps into
the activity levels and then dividing the sum of the levels by the number of
process steps.
Figure 7-31: Material-Handling Index of Liveliness
Index of Number of Variety of required tasksClassification liveliness required Conditions
tasks Group Raise Lift up Bring
In bulk 0 4 O O O O Left in bulk directly on the floor ortables
Unified in a 1 3 - O O Placed in a container or grouped
box or batch in a bundle
In box with 2 2 
- -0 Raised by pallets or skidsbolsters
On a carriage 3 1 - -0 - Set on carriages or something
with castors
On the move 4 0- - - Moving by conveyor, chute, orcarriages
There are other points to consider regarding transportation. Whenever feasible,
mixed loading should maximize the value of conveyance time. Reusable
containers should be developed to hold the required amount of the component
for that delivery interval. Containers should be see-through for easier detection
of contents. Other material handling guidelines are presented in table 7-1.
Table 7-1: Material Handling Guidelines [Rosaler, 1995, 8-6]
1. Integrate as many handling activities as feasible into a coordinated system.
2. Optimize material flow.
3. Simplify handling by eliminating wasteful movement and equipment.
4. Use gravity for movement wherever practical.
5. Optimize use of the building cube.
6. Increase quantity, etc of load handled. (note, in lean system, the maximum
should be the amount required per replenishment time)
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Section 7.7 Systematic Operational Delays
Systemic operational delays occur when predictable elements of the system
interfere with one another. These delays are preventable with proper
coordination and separation of shop floor activities. In order to reduce systematic
operational delays (FR-T5), a subsystem design to avoid production interruptions
(DP-T5) must be developed; shown in figure 7-32.
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7. Use automated equipment when economically or safely justified. (note, in
lean system, do not use superfluous automation merely for the sake of
automating tasks.
8. Select material handling equipment with lowest cost (considering materials
themselves, type of move, etc.)
9. Standardize methods as well as equipment.
10. Use flexible methods and equipment.
11. Practice preventive maintenance on material handling equipment.
12. Determine effectiveness of methods.
13. Move material in direct path with no backtracking.
14. Deliver material directly to work areas. Maintain minimum of material in
area.
15. Move most difficult pieces the shortest distance (when possible). (i.e. heavy
or bulky)
16. Provide alternative methods in case of breakdown.
Figure 7-32: FR/DP T5 Relationship
FR-T5: DP-T5
Reduce Subsystem design
to avoid
production
interruptions
Section 7.7.1 Decomposition of DP-T5
The two level branch is shown in figure 7-33. In order to avoid production
disruptions, support and production resources should not obstruct each other.
Thus, these subsystems must be designed so that they do not interfere with one
another.
Figure 7-33: Decomposition of Systematic Operational Delays
DP-T5
Subsystem design
to avoid
production
interuptions
DP-T61 FR-T52 FR-T53
-EsusysmE thnsur at Ensure that
Separesurtes producticork, support rources
reselme ~ !0 . poj/utomatlo,
p ductionp le/autmato ) don't terfere
n) dorr interfenrea withoonerie r
rsu With one anotier
DP-T51 DP-T52 DP-T53
Subsystems and Ensure Ensure
equipment coordination and coordination and
configured to separation of separation of
separate support production work support work
and production pattemns pattemns
access reqils I
In order to ensure that support resources do not interfere with production
resources (FR-T51), the subsystems and equipment must be configured to
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separate support and production access requirements (DP-T51). When the
frequency of internal deliveries is high, like in JIT production, it is essential that
resources do not conflict. Production should not be disrupted during the
restocking of stations. Material should be supplied from the rear of the station.
This method ensures that operator workloops will not be obstructed by material
handlers, carts, or boxes. Machines can be placed closer together since there is
no need for space within the cell for material handlers.
Figure 7-34: Material Fed from Rear of Station [Cochran, 1998]
Material is fed through rear of station Material
For ergonomic reasons,
a conveyor belt may be
implemented for heavier
Ee t rmaterial.
- Erpoty boxes returned to handier for more material
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Figure 7-35: Controls and Systems Accessible from Rear of Station [Cochran, 1998]
Maintenance
and chip
removal
occur
at the
outside
of the cell
to minimize Walk area
interference
with production
The production resources (people/automation) should not interfere with one
another (FR-T52). When establishing standards and workloops, it is essential
that production work patterns are separated and coordinated (DP-T52). Workers
should be provided with all tools that they might require so that they need not
break their workloop. Also, external setups should not carry the workers out of
the workloops. Workloops of workers should not coincide as shown in figure 7-
36. Operators should not have to reach across running machinery to perform
tasks.
Figure 7-36: Schematic of Workloops (Should Not Coincide)
Good Layout Poor Layout
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To ensure that support resources (people/automation) do not interfere with one
another (FR-T53), there must be a coordination and separation of support work
patterns. The paths themselves must be clear and free from obstacles. There
must be sufficient space for the required personnel to work behind machines and
ample lighting. Panels concealing machine controls should be easy to open.
The simpler it is to perform maintenance, the more likely it will occur. Material
replenishment loops should not cross. There should be sufficient carts and other
means of conveyance to ensure that no waiting will occur.
Section 7.7.1.1 Design Matrix for FR/DP T51 - T53
This level's design matrix is decoupled. This coupling stems from the
relationship of DP-T51 and FR-T52 and FR-T53, respectively. The separation of
the processing and material handling functions affects the production and the
support resources. However, the separation of production work patterns does
not directly affect support resources or possible interference with them. Similarly,
this is true of the independence of the separation of the support resources. The
path dependency of this matrix mandates that DP-T51 be implemented before
the remaining DP's. Further decomposition of these DP's is unnecessary since
they provide complete information on resource guidelines.
FR-T51 FX 0 0 DP-T51'
Equation 7-13 FR- T52f = X X 0 DP- T52f
FR-T53 IX 0 X DP-T53
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Chapter 8 The Direct Labor Branch
Section 8.1 Introduction
Direct labor is the physical work that is attributed to the transformation of raw
materials to a final product. The laborers in different cultures have contrasting
ideas about work. In Japan, workers are not bound to a single skill by labor
unions. They can be reassigned to different job descriptions throughout their
career. Salary is not based on the type of operation performed; instead, it is
determined by tenure. America is influenced by labor unions that have a highly
structuralized division of labor. However, more lean production companies are
emerging in the marketplace and changing America's labor system. Lean
manufacturing concepts can reduce waste in direct labor, resulting in a more
productive workforce. Labor resources must be allocated responsibly with the
entire system in focus.
Section 8.2 Formulation of Direct Labor Top Level FR's
Decomposing the elimination of non-value adding manual tasks (DP121) requires
an understanding of the operations that are classified as such. This
decomposition is shown in figure 8-1. There are two forms of non-value adding
manual tasks [Womack, Jones, 1996, p. 131]. Those activities that are
necessary for operation, but do not create value are called Type One muda.
Inspection and some types of transportation fall into this category. Tasks that are
purely wasteful and superfluous are considered Type Two muda. Storage and
machine adjustments are both elements of this class of waste.
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Figure 8-1: Decomposition of DP1 21
DP121
Eimination of
non-value
adding manual
tasks
DP-Di DP-D2
Man macmne Design of
separation workstations /
workloops to
facilitate
operator tasks
Waiting for a machine to finish is an unconscionable waste. The worker could be
performing external setups, inspecting parts, checking for the need of
maintenance on his equipment or performing value-adding operations on another
machine. By eliminating operators waiting on machines (FR-D), this aspect of
Type Two muda will be not be present.
Wasted motion is another form of Type Two muda. Excess motion of workers
must be eliminated (FR-D2) in the workplace in order to increase the amount of
value-added labor. This concept does not embrace fixing a worker to his station.
Instead, it encourages an optimization of his motion. The worker should not have
complicated paths to follow to do his work, which could create hazards. Figure 8-
2 shows the difference between a structured and a non-structured layout. He
should be able to minimize the ardor of his labor. The production system design
should be ergonomically sound. If wasted motion can be eliminated, manpower
reductions are possible.
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Figure 8-2: Illustration of Unnecessary Motion
Distance to run: 147ft
in B3
Closed Loop
out
Distance to run: 52ft
To free the worker from waiting on machines (FR-D1), the machine must be able
to safely work until completion and then shut off. The worker will then have time
to complete other value-added activities. These elements free the worker from
having to "babysit" the machine while it is running. This concept is known as
human-machine separation (DP-D1). Production efficiency as well as worker
utilization is increased. There are six stages in the transformation from a
completely dependent human I machine relationship to their separation. [Shingo,
1989, p. 70-71]
143
" Stage 1- Handwork. Workers perform tasks by hand without machine
assistance.
. Stage 2- Manual feeding with automated machining. Workers load and
unload parts; machining is the only operation carried out by machines.
. Stage 3- Automated feeding and machining. Workers load and unload
parts and start the machines. Machines have tool feeding and perform
machining. Workers detect and correct abnormalities.
. Stage 4- Semi-automatic. All work is performed by machine except
detection and correction of errors.
" Stage 5- Pre-automation. All work is performed by machine except
correction of errors.
. Stage 6- Automation. All work is performed by machine.
Separation of the worker from a station improves teamwork. Communication is
enhanced due to the proximity of the workers. There are typically two or more
workers in a workloop. When one operator encounters a significant problem, the
others can aid him in a "mutual assistance campaign".
In mass production, man is tied to the machine. If a worker is absent, there must
be someone to take his place. An excessive level of workforce is necessary to
ensure that absenteeism will not shut down the line. This is one of the major
drawbacks to mass production.
In order to eliminate wasted motion of operators (FR-D2), it is necessary to
design workstations / workloops to facilitate operator tasks (DP-D2). The facility
should be ergonomically designed to minimize waste and walking distances
should be reduced. A loop is the best path for an operator to follow when he is
performing work. In a cellular design, several workers can be inside a U-shaped
cell without interfering with one another. There are many details in the design of
workstation and workloops and these will be discussed in the decomposition of
this DP.
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Design Matrix for Top Level Direct Labor
In the top-level design matrix, there is a relationship between human machine
separation and the elimination of wasted motion (equation 8-1). If all excessive
motion is eliminated, then the worker would be tied to the machine. There must
exist a careful balance of these two principles. The worker should be able to
move in a workloop, not only because it is an efficient way of having several
people in a cell environment, but also because it is beneficial for the worker not
to remain stationary.
Equation 8-1 FR - D1 X 0 DP - DI
FR-D2J X X_ DP-D2
Section 8.3 Decomposition of DP-D1
There are two conditions that must be met in order to have human-machine
separation. First, the tasks that require the worker to be tied to the machine or
station should be reduced. The satisfying of this condition enables the worker to
leave the machine unattended as he performs other tasks. Second, the worker
must be capable of operating more than one machine / station.
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Section 8.2.1
Figure 8-3: Decomposition of DP-D1
DP-D1
hMan machine
separation
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DP-D11: DP-D12
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The tasks that tie the worker to the machine must be reduced (FR-D1 1) to enable
him to work on other machines. Many primary operations have been
mechanized, and some incidental operations (such as loading and unloading)
have been automated. With only these types of operations, the operator's
presence is still required because the system is unable to detect abnormalities.
To further free the worker from the machine, mechanization of error detection,
part of autonomation, is required.
Autonomation, also known as jidoka, is "automation with a human touch". Not
only does it prevent defects, it also prevents over-production. If an aberrant
situation is detected, the machine will shut down and signal to the worker that it
needs attendance. Defects will not be passed to subsequent stations, which
could cause serious damage to equipment and make the environment unsafe.
The worker is freed from watching the equipment to find these situations. Having
machines and stations designed to run autonomously (DP-D1 1) enables the
worker to leave the machine in operation while he performs another task.
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Autonomation is considered to be one of the two pillars in the Toyota Production
System, as shown in figure 8-4.
Figure 8-4: The Pillars of TPS [Cochran, 1998]
/ 
TPS
Responsive to Customer,
High Quality, Low Cost,
Volume and Mix \Fle xibility~
J
JI
I D
T 0
K
A
Leveled and Balanced Production
The Foundation is Lead Time Reduction Enabled
by Less Than 10 Minute Set Up Time
Having the worker operate more than one machine (FR-D12) is beneficial as long
as the content of his workloop avoids waiting for machines to stop. The focus
should be fixated on having the worker operate several processes at the same
time and having the machines synchronous with his movement. Multi-machine
handling is when one operator is running several machines without regards to
operation flow; this method is known as horizontal multiple machine handling. In
contrast, multi-process handling is the operating of several machines with regard
to the flow of operations; this technique is referred to as vertical multiple machine
handling.
With multi-process handling, throughput time is reduced and direct labor is better
utilized. Another benefit pertains to scheduling; if one process takes longer than
others, the work loop can be adjusted to compensate. Figure 8-5 illustrates this
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concept. Multi-process handling also eliminates the need for temporary storage.
When the worker removes the product from one machine, he directly loads it into
another. Both systems can absorb some variation in operations, but multi-
process handling can consume more. Both of these methods offer an increase
in productivity. When compared to the situation of one worker tied to one
machine, multi-machine handling offers a 30 to 50 percent improvement, and
multi-process handling offers a 50 to 100 percent improvement. [Shingo, 1989, p.
161]
Figure 8-5: Multi-Process Handling Compensating for Differences in Process Time
Individual Operations
50 sec/pc
1 72 pc/hr
24 pc/worker
40 seconds 50 seconds 35 seconds
Multi-process Handling
40+50+25=
115 sec/pc
62.6 pc/hour
31.3 pc/worker
40 seconds 50 seconds 35 seconds Productivity
Increase: 30.4
If workers are enabled to operate more than one machine (FR-D12), they must
have the appropriate skills and education. It is highly unlikely to find job
applicants with the desired skills; therefore, training programs for operating a
variety of stations must be instigated (DP-D12). These training programs should
also teach how to perform simple maintenance to the equipment when required,
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such as lubrication. These training programs should consist of standard training
methods and job rotation.
By having the workers change jobs on occasion, they will gradually build the
skills necessary for the new operation. Simply switching workers from one skill
with which they are comfortable to one with which they are unfamiliar for a long
period would significantly affect the system's productivity flow. Some benefits of
job rotation include variation of work patterns (which alleviates on-the-job
boredom), increased teamwork, firmer standard procedures, and variation of
motions (which helps prevent work strain). This practice is also valuable for the
foremen; they will gain a deeper understanding of the system as a whole, which
increases their overall knowledge as they are promoted to higher-level
managerial positions. Some employers have launched a "pay for knowledge"
wage structure in which the level of compensation is based on knowledge and
skills, instead of seniority. Completion of the training program is a means of
verification that the worker has acquired the new skills.
Section 8.3.1 Design Matrix for FR/DP D11 - D12
The matrix for this branch of the second level of the direct labor section of the
tree is decoupled. Training the workers to operate multiple stations does not
affect the number of tasks that are performed at those stations (DP-D1 2 to FR-
D11 relationship). Even if the machines are autonomous, a single worker could
be assigned to the station, which would manifest in poor worker utilization. (DP-
D11 to FR-D12 relationship). Thus, the matrix is independent of path.
Equation 8-2 FR- D11 X 0 DP-D11I
FR-D12 0 X DP -D12
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Decomposition of DP-D2
To design workstations and workloops to facilitate operator tasks, unnecessary
motion should be eliminated. Motions during setup, processing, and post-
processing should be examined to see which actions are value-added and which
are not. Redesign of standard procedures in order to reduce the non-value-
added motion will result in a more productive workforce.
Figure 8-6: Decomposition of DP-D2
DP-D2
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DP-D21 DP-D22 DP-D23
Configuration of Standard tools / Ergonomic
machines / equipment located interface between
stations to at each station the worker,
minimize walking (5S) machine and
distance fixture
In order to minimize wasted motion of operators between stations (FR-D21), it is
necessary to configure machines / stations to reduce walking distance (DP-D21).
Machines should be located as closely as possible to one another to minimize
the physical distance one worker must travel. The guideline for cell width is 4
feet. The footprint, the width of the machine, should be minimized, as seen in
figure 8-7. When selecting processes, it is important to consider the size of the
equipment. For example, a broaching operation with a one-foot cutting stroke
requiring five tons of force can be performed in one second with 18 horsepower.
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Section 8.4
(Recall that power equals the product of force and velocity.) If the time is
increased to five seconds, the power required drops to 3.6 horsepower. Not only
is there a significant savings in power, tooling cost, and investment, the machine
is smaller and can function in a cellular environment.
Other benefits stem from the close proximity of machines. When there is no
space between machines that could be used to pile up inventory, workers will be
disinclined to overproduce. Work fatigue can be minimized if the worker can
slide the workpiece from station to station instead of carrying it. Visual
management is facilitated as all machines in the cell are in sight.
Figure 8-7: Right Sizing Machines [Cochran, 1998]
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By designing work in U-shaped cells, operators can travel in loops to minimize
walking distance and path complication. Figure 8-8 demonstrates the benefits of
U-shaped cells. This design is far better than having the worker perform work
down a line of machines and then walk back to his starting position without
performing work, or having one worker at each of the stations on the line. Having
one worker follow another worker's path along a line of machines is called a
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"rabbit chase." U-shaped cells are also better than a machine-to-machine
pattern when the order of the machines does not match the order of the process.
U-shaped cells increase communication and workloop flexibility. A variation on
U-shaped cells is the open U cells.
Figure 8-8: Schematic of Different Layouts of Cells and Lines
U Shap'd Opeif1,
,," Cell Cell V
----- ---------------- 9 2W--------- -
In order to minimize wasted motion in operators' work preparation (FR-D22), the
station must be equipped with all required tools. If the tools are shared by
several operators, time will be wasted while the operator locates the tool and also
if it is being used. Thus, having standard tools / equipment located at each
station (DP-D22) reduces wasted labor. The work of each station must be
standardized to ensure that all necessary tools can be provided.
Merely having the tools available is not enough. They must be easily accessible
and in clear sight. One popular method of storing tools at the station is utilizing
an overhead, retractable line. When tools are not in use, they return to their
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position, safely out of the operator's way. The workplace must be clean and
organized.
The Five S's, a guide to good housekeeping, should be practiced throughout the
production system. The first S, seiri, is the sorting of equipment, material, waste,
and papers. Anything that is not adding value should be discarded. The second
S, seiton, is the straightening up of the workplace. Everything should be easily
identifiable and accessible. Seiso, the third S, is the scrubbing of the workplace.
Tools and equipment should be thoroughly cleaned. The fourth S, seiketsu, is
the systemization of cleaning and checking. Each individual should make good
habits of workplace practices. The last S, shitsuke, is the standardization of
these activities to have a continuous process that is always refined.
Implementing the five S policy in the workplace has many benefits. The defect
rate can be reduced by fifty percent and with standardization, it can be further
reduced by another fifty percent [Imai, 1997, p. xviii]. Since tools are always
where they belong, an accurate assessment of the time required for operations
can be ascertained. Workplace safety is enhanced because clutter is eliminated.
Troubleshooting is enhanced; dirty equipment can obscure root causes. Visual
management is facilitated since the clutter has been removed.
In order to minimize wasted motion in operators' work tasks (FR-D23), it is
essential to develop an ergonomic interface between the worker, machine, and
fixture (DP-D23). There are many ideas that can be incorporated in this design.
In order to facilitate flow, the cell should run counter-clockwise, provided that
most of the workers are right-handed. Toe space should be accommodated and
protrusions on the equipment face must be eliminated. Tasks should not require
an operator to move beyond an easy arm's reach and should be in the
acceptable height range, which is between the shoulder and the knee. Parts
should be obtainable from easy-access bins. Devices, such as magnet-tipped
screwdrivers, facilitate operations.
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Manual work can be designed to minimize fatigue and increase productivity. The
floor should be comfortable for both walking and standing. Work should be
performed in the primary visual field, which is a cone approximately ±15 degrees
in an arc centered upon the line of sight. [Niebel, Freivalds, 1999, p. 138] Fine
movements should be avoided, if possible. The proper technique of lifting, as
determined in the NIOSH lifting guidelines, should be taught to all workers.
Motion studies can be performed to optimize the work. There have been found
17 basic motions, called therbligs, which comprise all work, both effective and
ineffective. Through analysis, it is possible to reduce the time of effective
movements and eliminate the ineffective movements. [Niebel, Freivalds, 1999,
p. 140]
Section 8.4.1 Design Matrix for FR/DP D21 - D23
The DP's for this branch exhibit independence, shown in equation 8-3. An
ergonomically designed interface does not affect wasted motion in either the
movement between stations or the work preparation. Having standard tools and
equipment at each station does not influence the minimization of wasted motion
between stations or in the work tasks. Reduced walking distance has no bearing
on work preparation or work tasks.
Equation 8-3 FR - D21 X 0 0 DP-D21'
FR-D22 = 0 X 0 -DP-D22
FR-D23 L0 0 X DP-D23
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Chapter 9 The Indirect Labor Branch of
the Decomposition Tree
Section 9.1 Introduction
Indirect labor is comprised of activities that support the manufacturing system.
Specifically, these involve engineering, supervision, quality control, maintenance,
office work, and other activities. This labor does not directly add value to
products, but it is necessary non-value added labor. The costs associated with
this labor cannot be attributed to a single part. It is essential to maximize the
effectiveness of these operations, since they do not add value to the product.
This decomposition targets the indirect labor in the manufacturing system only.
Strategies for the streamlining of indirect labor in areas like marketing, sales and
design are beyond the scope of this decomposition.
Section 9.2 The Indirect Labor Branch- The Decomposition of DP-122
Indirect labor must be used efficiently to have a cost effective manufacturing
system. This labor should be streamlined, and wasteful actions should be
eliminated. The supervisors should be able to recognize abnormal situations and
pinpoint their cause expeditiously. These ideas are reflected in the
decomposition of DP-122 as shown in figure 9-1.
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Figure 9-1: The Decomposition of DP-1 22
Section 9.2.1 FR/DP Relationships
The most obvious way of reducing indirect labor tasks (FR1 22) is to eliminate
managerial tasks (DP122). The managerial hierarchy need not be completely
vertical; instead, it should spread out in a more horizontal fashion, embracing the
workers. Self-management should be practiced when possible. The
management should not believe that their sole function is to tell the workers what
to do; they must interact with the shopfloor to provide support. This concept is
illustrated in Figure 9-2. If the managers instill trust in the workers, less direct
supervision is required. Managers need to know exactly what is expected from
them.
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Figure 9-2: Workplace / Management Relations [Imai, 1997, p. 15, 16]
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Managers need to understand exactly what their responsibilities entail. They
may be over-managing in an effort to ameliorate a chaotic manufacturing system.
Managers need training just as do the workers on the shop floor. Among the
different forms of management training are Management Training Program
(MTP) which teaches middle managers and Training Within Industries (TWI)
which teaches supervisors [Imai, 1997]. The central ideas of MTP are the
necessity of employee involvement, the importance of continually improving
operations and the implementation of a "plan-do-see" approach to management.
The main components of TNI include Job Instructional Training (JIT), which
instructs the manager how to teach the workers; Job Methods Training (JMT),
which shows how to instigate methods improvements; and Job Relations
Training (JRT), which emphasizes the importance of the supervisor/worker
relationship.
Autonomous Management, Jishu Kanri (JK), is self-management of work groups.
Implementing this type of self-supervision eliminates indirect labor tasks. Not
only is less indirect labor required to supervise them, they are a source of
improvement ideas for the line. Since they are so closely involved with the line,
157
they know what could be done to enhance productivity. The sense of pride and
responsibility of the workers makes this a humanizing form of management.
In order to eliminate information disruptions (FR-12), the system must be able to
convey its status expeditiously and conclusively. The standards must be held
strictly to notice when deviations occur. A seamless information flow (DP-12)
facilitates the management of a manufacturing line. This concept is also referred
to as a visual factory.
The visual factory should display the five M's for their management: manpower,
machines, materials, methods, and measurements [Imai, 1997]. Morale, skill
level, and standards can be reflected in suggestions from quality circles, display
boards that indicate the training of individual workers, and standard worksheets,
respectively. With Jidoka, machine problems are clearly indicated with a stopped
machine. Transparent covers should replace metal covers on machines to help
facilitate the determination of an error's root cause. Kanbans show the material
in the system and its flow. Standard worksheets show the proper methods to
production. Gauges should indicate safe operating ranges. Any abnormality in
the system should be easy to visualize.
Section 9.2.2 Design Matrix for FR/DP I1 - 12
Because there are no interrelationships between the FR's and DP's in this
branch, the matrix is uncoupled, as shown in equation 9-1. Having a visual
factory does not eliminate any of the tasks required for managing it; it only aids in
the management. Self directed work teams do not eliminate information
disruptions; in fact, they are unrelated.
Equation 9-1 FR-Il _X 0~ DP-Il
FR-I2 0 X DP-I2
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Chapter 10 The Design Matrix
Section 10.1 Introduction
The design matrix is a simple device, which effectively shows that the production
system design decomposition is decoupled. This lower-triangular matrix shows
the interrelationships between FR's and DP's up to the fourth level. A more
comprehensive design matrix can be formulated; however, it is sufficient to show
these relationships to this level. A larger version of this chart is available in
Appendix B.
Section 10.2 Formulation of the Design Matrix
The design matrix is composed of the FR's on the rows with the corresponding
DP's on the columns. The level of decomposition increases from the outside
inward. Figure 10-1 illustrates this point for the design parameters. X's denote a
relationship between a FR/DP set. The absence of a relationship is indicated by
an empty square. These relationships are located in the square Mij where i is
row and j is the column.
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Figure 10-1: The DP's of the Design Matrix
Design
Matrix
1st Level
4th Level
In developing the design matrix, the first step is to show the relationships
between the fourth level's one-to-one FR/DP's pairs. The matrix is subdivided
with block matrices on the diagonal. Figure 10-2 shows these block matrices.
For example, the 3x3 matrix for Q1-Q3 is reflected in entries M1 1, M12 , M13 , M2 1,
M2 2, M23 , M3 1, M32 , and M33 of this larger matrix. It is in this position because it is
the first matrix in the fourth level. Since all, a2 2, and a33 are X's in the Q1-Q3
matrix (see equation 10-1), they are X's in the aggregate matrix. The next matrix,
the 2x2 matrix R1 -P1 is reflected in entries M44, M45, M54 , and M55 .
Equation 10-1
FRQ1 X
FRQ2 = 0
FRQ3J 0
0
X
0
0 DPQ11
0 DPQ2
X_ DPQ3
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Figure 10-2: Fourth Level Block Matrices
After all of the fourth level matrices have been translated on the aggregate
matrix, it is necessary to examine the level three relationships. All of the third
level matrices equations are checked for relationships. Each of the X's and O's in
the matrix equations correspond to a group of fourth level FR/DP relationships.
These block matrices are shown in figure 10-3. The X's in the third level indicate
that relationships are present in those block matrices; each of the fourth level
FR/DP relationships are analyzed for dependent relationships. Also, those block
matrices associated with the O's in the design matrix equation are inspected to
verify that there are indeed no relationships in the fourth level.
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Figure 10-3: Third Level Block Matrices
MEliMi I I X I I I I | I I fIX I
For example, the matrix for FR/DP1 11-113 is shown in equation 10-2. It
indicates that there should be fourth level relationships present in six of the block
matrices and each one of these blocks is checked for relationships. Figure 10-4
shows this concept for the FR/DP1 11-113 case. A specific example identifying
the relationships follows. The X in the a32 entry in the equation corresponds to
possible relationships in M64, M65, M74, M75 , M84, M85, M94, M95 , M10 ,4, and M10 ,5.
Upon investigation, relationships were found to be in M74 , M75 , M95 , and M1o,5 .
Each aij relationship is checked against the corresponding set of Mij entries.
Equation 10-2
FR111 FX 0 0 DPI11
FR112>= X X 0 <DP112 >
FR113 LX X X DP113
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Figure 10-4: FR/DP111-113 Matrix Example
Similarly, the second and first level FR/DP's are analyzed. The result is a
decoupled matrix that shows the relationships between all level four FR's and
DP's. Figure 10-5 illustrates the blocks considered in the level two case. The
level one case is the complete design matrix, as shown in Appendix B.
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Figure 10-5: Second Level Block Matrices
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Chapter 11 System Design Flowchart and
Deployment Steps
Section 11.1 Introduction
The system design flowchart shows the order of implementation of the design
parameters. It combines the decomposition and the corresponding matrices into
a single tool that instructs designers of the order by which they should design
their production systems. Figure 11-1 illustrates a small version of this chart; a
larger version is available in Appendix C.
Figure 11-1: System Design Flowchart
Section 11.2 Development of the Flowchart
This chart is generated by integrating the design decomposition and the design
matrix. The order of the implementation of the design parameters is fixed
according to the design matrix. The level of DP's goes from highest to lowest, as
the chart is read from the outside to the inside. Thus, the outer most box is DP1,
Manufacturing System Design.
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If coupling is present in the matrix, there is a path dependency. The DP that
affects the most FR's must be implemented first. If the matrix is uncoupled, the
DP's can be implemented in parallel, with no regard to order. For example, the
decoupled design matrix shows DP-R121 (specified support resources for each
failure mode), DP-R1 22 (system that conveys nature of problem), and DP-R1 23
(rapid information transfer system) need to be performed in sequential order.
This relationship is shown in the flow chart as shown in figure 11-2.
Figure 11-2: DP-R121, R122, and R123 in Flow Chart
Another example that illustrates parallel DP's is illustrated in figure 11-3. DP-
R1 11 must precede DP-R1 12, but DP-R1 13 can be performed simultaneously.
The implementation of DP-R1 13 does not depend on the other DP's.
Figure 11-3: DP-R111, R112, and R113 in Flow Chart
sbiuid J ~ r
p~tb9.
irate of
FR-R11
FR-R112h
FR-R113
X 0 0 DP-R111
XX0 DP-R112>
s0 0 X DP-R1 131
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Deployment Steps
Setting up a lean system is no small task. Any system can strive to become
more lean. There are eight steps for the proper implementation of a lean
production system.
0. Determine who the real customers are, internal and external.
1. Form cells based on customer takt time.
2. Single-minute changeover time.
3. Predictable quality and time output.
4. Level manufacturing.
5. Link cells with pull system.
6. Link suppliers.
7. Integrate product development
In step zero, the internal customers are the workers and the subsequent
operations. The external customers are every user of the end product. To
satisfy all of these customers, it is essential to determine what they truly want
from the product and appropriate means of attaining these goals.
Step one, forming cells based on customer takt time, requires the assembly cell
to be designed to satisfy the customer demand rate. Fabrication cells should
also be designed at this rate. Single piece flow should be established in the
system, if feasible. Standard work from workers that are not tied to their
machines is also included in this step. Machines should be designed to meet
specifications, to remain stable, and to have cycle times less than the takt time.
Step two requires a small setup time, accomplished by SMED. This requires the
redesign of some machines, fixtures, and tools. To achieve the step three,
predictable quantity and time output, defects must not be advanced to the next
process. Poka-yoke devices should be developed and the standard work
combination should be refined. A total preventative maintenance program should
be instigated to reduce the amount of unscheduled downtime.
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Section 11.3
Implementing step four, level manufacturing, requires mixed model production.
Heijunka can be used to level by mix and volume in the final assembly. The level
of standard work-in-process (SWIP) can and should be reduced. Step five, link
cells with a pull system, necessitates the establishment of a pull system with
kanban flow. A prescribed amount of SWIP will be maintained in the system.
Step six, link suppliers, integrates the suppliers into the pull system. MRP should
only be used for planning, not the actual control of the system. The last step is
integrating product development (PD) into the system. PD should utilize
methods like DFM and DFA to ensure that their designs are easily reproduced.
Fewer engineering classifications should be employed, and shared components
between models should be used wherever possible.
168
Chapter 12 Production System Design
Evaluation Tool
Section 12.1 Introduction
This evaluation tool, developed by Wang and Cochran (1999), enables
designers, managers and others to assess the system's design and performance.
It evaluates the level of achievement that elements of the design satisfy lean
principles. Once the scoring is performed, areas for improvements can be clearly
identified. The evaluation can also indicate how proposals will satisfy system
requirements. Records of the effects of changes are chronicled on these charts.
Section 12.2 Using the Design Evaluation Tool
The FR's form the columns of the chart, and the manner in which they are filled
(DP's) are in the rows. The tool has six separate levels of achievement for each
FR. These levels correspond to the system selected in the design. The metrics
for evaluating the FR's are at the bottom of the columns. Figure 12.1 shows the
this tool; a larger version of it is available in Appendix D. More information about
this design evaluation tool can be found in Andrew Wang's thesis, "Design and
Analysis of Production Systems in Aircraft Assembly" [1999].
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Figure 12-1: Design Evaluation Tool
!W-4 k-6 Wsi". "W . .
PSD Evaluation Tool v5.0
D.S. Cochrn, A. Wang
CopyrightIadT 1999 All rights reseved
There are five principle steps to utilizing this chart:
1. Evaluate the system. It can be as large as the entire system or as small
as a single cell.
2. Assess the system column by column. If there is no match, leave the
scoring pie blank. If it does describe the system, shade the pie chart the
appropriate percentage. The shading of each column should add to 100
percent, equivalent to a full pie.
3. For quantitative measurements, use the metrics at the bottom of the
columns.
4. Using the evaluation tool and the design matrix, improvements to the
system can be analyzed. The areas that need to be attended to first can
be easily identified. The design matrix would predict effects that the
improvements would have across the entire system.
5. Tracking the changes' impact on the system can be maintained.
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For example, a perfectly lean system would have the entire pie filled in level six.
Characteristics of mass production systems, such as large batch production to
forecast, are illustrated in level one.
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Chapter 13 Examples of the Application of
the Framework
Section 13.1 Introduction
The following examples illustrate the use of the framework for designing and
assessing manufacturing systems. These cases supplement those found in the
preceding chapters.
Section 13.2 Example of FRIDP-T4
In order to reduce transportation delay (FR-T4), a material flow oriented layout is
required (DP-T4). Note the proximity of the machines and the relatively small
footprints of the machines in figure 13-1.
Figure 13-1: Material Flow Oriented Layout [Cochran, Lima, 1998]
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Example of FR/DP-T21
This example, shown in figure 13-2, illustrates the grouping of customers to
achieve takt time in an ideal range (DP-T21). The work content at each machine
is less than the ideal takt time (32.5 hours). Part demand for finished goods and
replacement are aggregated. For those parts that are produced for repairs, the
cycle time is lowered. The quantities for both customers are fulfilled.
Figure 13-2: Combining Customers to Ideal Takt Times [Cochran, Lima, 1998]
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Section 13.4 Example of FRIDP-13
By eliminating monolith machines that consume capital, the system investment is
minimized over its lifecycle (DP-1 3). Should the operation no longer be
necessary, it can be eliminated without a large loss. The depreciation of the
machine can be completed in a shorter time period. Should the capacity
requirements increase, additional units may be purchased. The figure below
illustrates these points with two different processes that achieve the same end
result. It is evident that the smaller induction tempering machine can be moved
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Section 13.3
into cells flexibly; whereas, the draw furnace must stay in place. The throughput
time of the induction tempering machine is far faster than the draw furnace.
More inventory is required to utilize the draw furnace. Visual management is
impaired because of the sheer size of the draw furnace.
Figure 13-3: Draw Furnace vs. Induction Tempering [Cochran, Lima, 1998]
54 sees
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Section 13.5 Example of FR/DP-T221 and FR/DP-111
This example illustrates that the production rate is balanced with the takt time.
The burnishing operation is divided into two separate operations to meet the takt
time. Successive inspection ensures that defects are not passed to the next
operation. The inspection stations are balanced to the takt time as well. This
example also illustrates a couple of different types of work loops. Loops D and E
are rabbit chase loops; whereas, A, B, C, and G are more value-added (less
175
wasted walking). Note that no single worker is isolated; if there is a problem,
they can assist one another. The workers must be cross-trained, as specified in
DP-P1 33, to be truly helpful.
Figure 13-4: Subdividing Burnishing and Testing in Production [Cochran, Lima, 1998]
- In assembly, testing divided into 5 stations (40 see each) running in series
instead of 8 functional test machines (85 sec each running in parallel)
Test operations divided in
5 stations to meet Takt Time Subdivision of burnish operations
in order to meet Takt Time
Section 13.6 Example of FR/DP-T222
The following example in figure 13-5 illustrates manual cycle time being less than
takt time. Response time is dramatically decreased- from 81 hours to 20.3
hours. Each of the operations in the system has balanced cycle time. The takt
time (23.3 hours) is capable of being satisfied since the cycle time is lower.
There are four stations because three would have a cycle time of 27 hours
(would not satisfy the customer demand rate), and five would have a cycle time
of 16.2 (which would lead to over-production.)
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Figure 13-5: Compressor Example [Cochran, Lima, 1998]
.Machine/Operation - Subdividing -Assy. fime
Takt time = 23.3 hours
- There are no work-loops; however, the work content is divided in such
a manner that it is less than the takt time
Divide. into.
I I IWfour operaions
Compressor Rotor:
81 hrs 1o assemble
20.3 rs 20.3 ofs 20.3,hs 20.3 hs
Instead of
It takes 81 hours to assemble the compressor rotor.
Therefore there should be 4 operations (TotalAssy. Time / Taki Time)
in order to have CT<TT and be balanced with final assembly.
Section 13.7 DP's that Affect Machine Design
Certain DP's should be considered at the machine design stage. These DP's are
as follows: DP-Q11, DP-Q13, DP-R111, DP-T12, DP-T121, DP-T4, DP-T51, DP-
D11, DP-D21, DP-D23, DP-123, and DP-13. These DP's are shown in figure 13-
6. It is necessary that every machine designed in the system meet these
requirements.
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Figure 13-6: Machine Design in the Decomposition
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Chapter 14 Conclusions and Future Work
The design of manufacturing systems must follow a systematic approach to
ensure that it fulfills all of its requirements. The framework presented in this
thesis provides a path to delineate all goals and design a system that is
appropriate for today and flexible for tomorrow. Because of the nature of
Axiomatic Design, there is no singular design solution for the system. Design
activities are separated and their relationships identified; designers are enabled
to use their creativity to the fullest, without their designs interfering with one
another.
The framework's tools aid in both the design and the deployment of the system.
The decoupled PSD matrix is triangular, which implies that it is an acceptable
design as deemed by Axiomatic Design. The system design flowchart
graphically depicts the order that the DP's should be implemented. It expresses
the path dependencies exhibited in the PSD matrix. The diagnostic tool
ascertains the level to which the goals have been satisfied. Areas for
improvement are easily identifiable in this chart. A knowledge base of examples
provide illustrations of the use of these tools.
The decomposition tree is designed to be flexible to any type of production
system. In the future, it can be specifically tailored to any industry, focusing on
its unique aspects. The diagnostic tool can be similarly designed to assess the
system's design elements. An electronic form of the diagnostic could be
developed to chronicle changes to the system and their effects. Further analysis
on these charts could yield conclusions about the best techniques for that
industry.
The generation of the system design flow chart can be performed by the
Axiomatic Design Software [Do, Suh, 1998]. It determines the order of the lowest
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level DP's first, progressing to the highest level DP. This tool can provide a
substantial time savings for designers as well as a means to chronicle the
changes to the system.
To supplement the framework, more examples are necessary. These examples
should originate from diverse industries thus proving the effectiveness of the
framework. Conclusions drawn from these examples can further refine the
framework.
The framework can be further improved with more analysis of its implementation.
The framework's true test is to design an entire system with it. Additional tools
can be developed to assist designers in conveying the concepts behind the
design to the shop floor.
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Direct Labor and Indirect Labor Branches
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Appendix E - Glossary
Autonomation
Balanced
Production
Capacity
Cell
Customer
Decoupler
Delay:
Lot Delay
"Automation with a human touch." The autonomous check
of abnormalities in a process. If detected, the equipment
stops automatically. Worker determines and executes best
solution. Also known as Jidoka.
All operations or cells produce at the same cycle time.
In a balanced system, the cell cycle time is less than the
takt time.
Highest sustainable output rate achievable with current
product specifications, product mix, workforce, contractual
agreements, maintenance strategies, facilities and tooling,
etc. (e.g. maximum number of units/year).
A set of operations grouped together according to the
product flow in a U-shaped or parallel configuration. Each
cell produces a family of parts and is highly responsive to
customer needs.
Receiver of product. Two types: internal (within the system);
external (the purchaser).
A single piece of inventory (WIP) that is intentionally placed
between two machines or stations. This serves to uncouple
the variation of time and motion between two operations.
Occurs when one part in a lot waits on every other part of
the lot.
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Delay:
Process Delay
Delay:
Run Size Delay
Delay:
Transport Delay
Demand Interval
Departmental
Layout
Flexibility
Flexibility:
Volume
Group
Technology (GT)
Occurs when an entire lot is waiting to be processed (queue
of orders).
Occurs as a result of the size (quantity) of a production run.
The larger the production run quantity:
" the longer time to process the order
* the longer the time to produce another product as output
e the larger the Work In Process (WIP) in the system
All factors involved in transportation including
Waiting for a transportation device.
This is how often the subsequent process picks up a
standard container. The subsequent process can be
external (customer) or internal (next operation). The time is
correlated to how long it takes the subsequent process to
consume a standard container quantity.
Factory layout with similar processes grouped together.
The ability of a manufacturing system to respond quickly, in
terms of range and time, to external and internal changes.
The ability of a manufacturing system to cost effectively vary
its output within a given time interval.
A system of algorithms for grouping machines used on sets
of common parts. Group Technology was developed in the
1970s. Although not developed for Lean Manufacturing, GT
can be helpful for a first cut at separating functionally
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grouped machines into cells.
Heijunka Box
Jidoka
Job Shop Layout
Just-in-Time (JIT)
Kaizen
Kanban
Leveled
Heijunka controls the timing of the flow of information to the
final cell in the manufacturing system. It also controls the
sequence (mix) of production.
See Autonomation.
Layout of operations has resources (material, processes,
and people) come to the product. Typically utilized in
production of large products like ships and dust collectors.
Manufacturing method where downstream operations pull
required parts needed from upstream operations at the
required time. This process is paced by customer demands.
The implementation of JIT requires almost all features of
lean manufacturing.
Continuous overall improvement effort. Kaizen has a focus
on one problem, which may be eliminated by small incre-
mental improvements.
"Card". The kanban contains information about the product,
the quantity to be made, the "supplier" and the "customer",
etc. Types of kanban include: production ordering kanban
and withdrawal kanban.
All operations make the quantity and mix of products
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Production
Machine
Man-Machine
Separation
Manufacturing
System
Matrix:
Coupled
Matrix:
Decoupled
Matrix:
Uncoupled
Mixed Model
Production
demanded by the final customer within a given time
(demand) interval.
A semi-automated or fully automated station, which performs
one or more operations.
The worker is not bound to the machine. E. g. the worker is
not watching the machine but performing another task, while
the machine is processing.
The series of operations performed upon material or a semi-
finished state to a state of further and/or final completion.
See also operations.
A non-triangular design matrix of interrelationships between
FR's and DP's. Considered to be a poor design.
A triangular design matrix of interrelationships between FR's
and DP's. Considered to be an acceptable design.
A diagonal design matrix of the FR/DP relationships.
Considered to be an optimal design.
The production of different products every day referring to
the daily demand. Mixed model production avoids the
accumulation of demand over several time periods.
Realization of mixed model production needs the ability to
produce in small lots. The ultimate mixed model production
would be to produce to the mix and run size of the customer
(synchonized production).
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Multi Functional
Worker
Multi Machine
Handling
Operation
Order Based
Production
Poka Yoke
Production
System
Pull System
A worker, who is able to handle different machines and
operations. Operating a cell definitely requires this kind of
skilled worker.
One worker operates several machines. The worker is
separated from the machine performing another task,
while the machine is processing.
A specific work element required in the production of a
product. All processes can be divided into four basic
operations [Shingo, 1989, p.5].
* Processing
* Inspection
* Transportation
* Storage
Production only takes place if an order has been placed.
The lead time must be shorter than the delivery time.
"Mistake-proofing device". Prevents errors from being made
with 100 % inspection of parts.
The entire collection of functions required to design, to
produce, to distribute, and to service a manufactured good.
The Production System may include more than one
company (e.g. an automaker, its component suppliers and
dealers). The production system supports the manufacturing
system.
Information system in which the information is flowing the
opposite direction of the material flow. In that way material
is "pulled" from downstream processes. "Daisy chain"
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Push System
Rate:
Demand Rate
Rate:
Production Rate
5 S's
Single Minute
Exchange of Dies
Single Piece
Flow
Size:
manufacturing technique that allows material to flow in
logical sequence, being "pulled" from one process to another
as opposed to being "pushed" from order entry. The goal of
the pull system is to eliminate speculative production and to
provide the ability to produce to actual demand.
Information system in which information is flowing in the
same direction as the material. In that way the next
operation receives materials and production requirements
according to a plan. Thus, the material is "pushed" through
the system.
The rate at which customers demand products (e.g. demand
of 100 parts per week).
The output of a machine or manufacturing sub-system per
unit time (e.g. parts/hour). Analogous to frequency.
5 S's stand for Seiri, Seiton, Seiso, Seiketsu, and Shitsuke.
These refer to maintaining a clean, organized workplace.
(SMED). Transforming internal setups into external setups
in order to reduce changeover to less than ten minutes.
The transportation of one piece at a time to the subsequent
process instead of waiting until the whole lot has been
produced. Single piece flow can reduce the throughput time
of a lot to 1/n where n is the number of operations.
Number or quantity of parts moved between operations.
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Lot Size
Size:
Run Size
Small Lot
Production
Standard
Operations
Standard Work-
In-Process (SWI
Station
Subsystem
Synchronized
Production
Time:
For discrete products, the batch is the number of units made
in one setup. One batch can consist of several lots, which
are transported to the next operation.
Reducing the lot size enables a better production mix. Small
lots require short set-up times (See Single Minute Exchange
of Dies).
Clearly defined operations and standardized steps for both,
the workers and machines.
A constant amount of WIP that is designed into cellular
P) manufacturing sub-systems. SWIP uncouples variation and
establishes a set-point inventory level between operations
(see decoupler).
A physical location and required facilities and tools at which
one or more operations are performed.
A collection of machines and stations required to perform a
specified set of operations on a product or group of products.
All operations produce exactly the same sequence of parts
demanded by the customer (e.g. same mix, rate, and
quantity). The production run size and lot size is truly one
unit.
The time interval between the production of two sequential
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Cycle Time
Time:
Manufacturing
Throughput Time
Time:
Order Lead Time
Time:
Processing Time
Time:
Purchasing Lead
Time
Time:
Replenishment
Time
Time:
Response Time
Time:
Setup Time
parts by a machine or sub-system. The production rate is
the inverse of the cycle time.
Total time for a part or a given lot size of parts to travel
through manufacturing from the first (initial) operation to the
final operation.
Time interval from order input to shipping of finished good.
Order lead time consists of administrative time and
throughput time. (See Response Time).
Time during which material is being changed, whether it is a
machining operation or an assembly.
The total lead time required to obtain a purchased item.
Included here are order preparation and release time;
supplier lead-time; transportation time; and receiving,
inspection and put-away time.
The time it takes the system or sub-system (cell) to replenish
a container with a standard quantity of parts.
The time in which a company can deliver a part after a
customer has placed an order.
The time required to changeover a machine or line from the
last good piece to the first good piece of the next part type.
Internal setup includes all activities, which require a shut
down of the machine. External setup includes all activities,
which do not need a machine shut down.
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Time:
Standard Time
Time:
Takt Time
Time:
Throughput Time
Visual Control
Waste
The length of time that should be required to run one part
through an operation by a worker. Standard time assumes
an average worker following prescribed methods and allows
time for rest to overcome fatigue.
Takt time defines customer demand cycle time. It is the
quotient of available time per shift (day) to average demand
per shift (day).
The length of time from when material enters a production
facility until it exits.
Current status of operations is easily visible throughout the
factory. Indicator lights convey problem situations.
There are seven types of waste:
Overproduction means to produce more than demanded or
produce it before it is needed. It is visible as storage of
material. (It is the result of producing to speculative
demand).
Inventory or Work-In-Process (WIP) is material between
operations due to e.g. large lot production or processes with
long cycle times (e.g. EDM at Palmer).
Transportation does not add any value to the product.
Instead of improving the transportation it should be
minimized or eliminated (e.g. forming cells).
Processing- The waste of processing itself anticipates the
question why a specific processing step is needed and why
a specific product is produced. All unnecessary processing
steps should be eliminated.
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5W's and 1H
Work-In-Process
(WIP)
Motion- Waste of motion relates to the motion of the
workers, machines, and transport; e.g. due to inappropriate
locations of tools and parts. Do not automate wasted
motion, but improve the operation itself.
Waiting- The worker should not wait for the machine. The
principle is to maximize the utilization/efficiency of the worker
instead of maximizing the utilization of the machines.
Defects are pure waste. Prevent the occurrence of defects
instead of finding and repairing defects.
Also referred to as the 5 Why's. To find the root causes of
waste, there are six questions asked again and again until
the answer is found: who, what, when, where, why, and how.
The total inventory existing within a manufacturing system.
It does not include raw materials and components prior to
the first operation in the system or finished goods after the
final operation.
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